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Chapter 1
Introduction
The dawn of the Digital Age, which was based on the invention and continuous improve-
ment of integrated circuit technologies, has fundamentally altered peoples lives during
the last three decades in nearly every single aspect: Computers, smart phones and the
availability of information provided through the internet change the way people work and
communicate, revolutionize their healthcare and enable contact to foreign cultures across
the world, shaping modern societies. While Moore’s law [1] successfully described the evo-
lution of the integrated circuit density since the 1970s, the miniaturization of transistor
sizes now reaches an intrinsic limit due to the appearance of quantum effects, which cre-
ates demand for alternative approaches. In addition to the charge, which represents the
information carrier in virtually all transistor based electronics, electrons carry a spin as
an additional degree of freedom, whose manipulation in solid state systems is addressed
in the field of spintronics (spin transport electronics) [2–4]. Due to the expected decreased
energy needed for spin manipulation compared to charge manipulation, implementation
of the spin as information carrier in addition to or instead of the charge promises advanced
device concepts enabling higher information processing rates, increased integration den-
sities and decreased energy consumption. With the giant magneto resistance effect [5, 6],
awarded with the Physics Nobel Price in 2007, this concept has already been success-
fully implemented into commercial hard disks, where data storage is realized through the
manipulation of spins in metallic materials.
However, the central vision of spintronics is the idea to combine both data storage
and data processing in a single device, which avoids time and energy losses due to the
necessary exchange of information between both systems. This requires furnishing a semi-
conductor with magnetic properties, as can be achieved by doping with transition metal
(TM) atoms in diluted magnetic semiconductor (DMS) materials [7]. Herein, so-called
sp-d exchange interactions between the electrons and holes in the s-like conduction and
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the p-like valence band with the 3d electrons of the TM2+ ions enable a combination of
the electronic and optical advantages of semiconductors with magnetic functionality [8,
9]. More recently, the adaptation of the DMS concept to colloidally synthesized nanos-
tructures has renewed the interest in this material class [10–14]. In contrast to epitaxial
semiconductors, which are prepared with the use of cost-intensive high-vacuum technolo-
gies, solution-synthesized nanostructures benefit from reduced manufacturing costs. In
addition, they combine a high flexibility of available sizes, shapes and morphologies with
the ease and versatility of subsequent solution processability [15, 16]. The latter, including
thin layer preparation methods like spin-coating, printing and spraying from dispersion,
highlights colloidal nanostructures as a promising material class for the implementation
as active materials in next-generation printable or wearable low-cost electronic devices
e.g., for tomorrows’ lifestyle or healthcare applications [17, 18].
Ever since the first demonstration of TM doping in colloidal semiconductor quan-
tum dots (QDs) [19–22], increasing research activities revealed a bunch of extraordinary
magnetic and magneto-optical properties, which mainly arise from the increased sp-d ex-
change interactions due to the strong charge carrier quantization in these materials [23–
29]. However, quite recently, considerable progress in colloidal chemistry [29–32] expands
the family of DMS nanocrystals from magnetically doped, spherical QDs to various, fun-
damentally different shapes. From undoped nanostructures it is known that the precise
shape of a quantum confined object crucially defines their electronic structure and op-
tical properties [33–36]. Thus, the novel degree of freedom achieved for the architecture
of DMS nanostructures enables an insight into the specific exchange interactions with
different types of electronic transitions [37]. By introducing transition metal dopants into
either colloidal quantum wells [32] or highly confined magic sized clusters (MSCs) [31],
the exchange interactions of two-dimensionally or zero-dimensionally confined states can
be accessed. On the other hand, the possibilities provided by the solution processability
of colloidally synthesized materials facilitate the integration of DMS nanocrystals into
solution-processed devices. These two advantages of colloidally synthesized DMS struc-
tures - the flexibility in shape and composition as well as the solution processability - are
exploited within this thesis with the intention to elaborate the functionality affected by
individual monolayers (MLs) or even single atoms, and to demonstrate the feasibility of
electrical devices based on DMS nanocrystals.
In zero-dimensional DMS QDs, which have been studied for almost two decades [12],
the spherical confinement is known to introduce a mixing between the different valence
subbands [33, 34]. The sp-d exchange interactions of the resulting states are quite well
understood [38], including their tunability through wave function engineering in complex,
partly-doped core/shell QDs [24, 39]. In contrast to this, a two-dimensional confinement
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separates the valence subbands, enabling access to transitions with well defined hole states
[35, 36]. In particular, the lately developed material class of higly-anisotropic colloidal
nanoplatelets (NPs) [40–44], which can be produced with thicknesses of a few nm combined
with lateral dimensions of several tens of nm, enable precise synthetic control of thickness
and composition, including core/shell [45, 46] or core/crown [47, 48] architectures. In
combination with transition metal doping [32], this material system allows the analysis
of the impact of thickness variation on the sp-d exchange interactions with atomic layer
precision. Up to now, literature on the magneto-optical properties of colloidal DMS NPs
is rare and restricted to the emissive states [32, 49]. Especially, clear evidence of sp-d
exchange interactions for the band carriers in thickness-tunable colloidal NPs is lacking.
If the nanostructure size is minimized to a few MLs for all three dimensions, doping
becomes challenging [11, 12, 50, 51], as due to the excess mixing enthalpy impurities are
excluded from QD nuclei and thus no doping in particles with diameters below 2 nm is
feasible with conventional methods like hot injection [50] or diffusion doping [30]. How-
ever, via low temperature Lewis acid-base synthesis [31] transition metal doping has been
demonstrated in MSCs [52–56]. These fascinating colloidal QDs, which appear as building
blocks during the synthesis of higher order nanostructures [56–59], exist only with strictly
defined numbers of atoms [52], representing the boundary between semiconductors and
molecules. In these strongly confined systems, the zero-dimensional band edge transition
is split into single fine structure components, as has been shown in manganese (Mn2+)
doped cadmium-selenid (CdSe) MSCs consisting of 26 atoms (Mn:(CdSe)13) [31]. The high
confinement thus enables investigation of the sp-d exchange interactions with individual
fine structure states.
Due to their well defined, countable number of atoms, the replacement of a single
atom corresponds to a change in composition of about 7%. Thus, both magnetic doping
as well as alloying with a nonmagnetic equivalent is expected to distinctly influence the
(magneto-)optical properties of the clusters and needs to be considered as a discrete pro-
cess. While partial replacement of cadmium (Cd) by non-magnetic zinc (Zn) is expected
to shift the clusters bandgap in a discrete manner, introducing a dopant may digitally
change the giant magneto-optical activity of the (CdSe)13 clusters. In bulk DMS mate-
rials, Mn2+ spins positioned on neighboring lattice sites couple antiferromagnetically [8,
9, 60, 61]. It is not clear, how this might influence the magneto-optical response in mag-
netically doped MSC, where virtually all cation lattice sites can be considered as nearest
neighbors. In case the magnetic moments of the Mn2+ ions in clusters doped with two or
more dopants partly nullify each other, DMS MSCs might represent a promising material
for the application in solotronic applications [62, 63], a novel research field concentrating
on the manipulation of solitary atoms or dopants in a solid state matrix.
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Due to their minimal size, MSCs contain a drastically reduced number of bonds as
compared to conventional colloidal QDs and are characterized by a distinct lattice struc-
ture, which cannot be expressed in terms of a wurtzite or zinc blende unit cell known
from bulk. This implies striking consequences for structure related properties: On the
one hand, the minimized structure is supposed to increase the clusters’ ability to re-
spond to the replacement of a lattice component by an atom of smaller size. On the
other hand the influence of optically excited charge carriers on the rigidity of the bonds
and the phonon modes might be enhanced. The fact that the precise lattice structure of
the (CdSe)13 clusters is still controversially discussed [64–69], among other things derives
from the restricted applicability of experimental techniques to study the structure. As
those techniques are often based on diffraction methods requiring at least medium range
of periodicity not available in the small clusters, structure analysis up to now is mainly
restricted to atomistic density functional theory (DFT) calculations [64–69]. Studies on
DMS QDs doped with cobalt (Co) exploit internal transitions between the different 3d
orbitals of the dopants, whose shape and energy are highly sensitive to the chemical sur-
rounding of the Co2+ [70], to gather information about the anionic coordination around
the dopant [71–74] and the dopant-anion bond length [75]. Thus, Co2+ doping of MSCs
may offer an optical approach to the lattice structure of the clusters.
The crystal structure also determines the phonon dispersion in a material, which
on the other hand is decisive for the temperature dependence of the bandgap [76–78],
representing an essential fingerprint for any semiconductor. In case of the clusters - and
in stark contrast to most semiconductors including conventional QDs still consisting of
more than a hundred atoms - almost all atoms can be regarded as located on the surface
and the number of bonds is reduced to about 50 or less. Thus, the rigidity of the bonds
upon optical excitation, which is discussed to originate the temperature dependence of
the bandgap [78, 79], is expected to be distinctly altered in these novel materials.
The circle is closed towards the central motivation behind all interest in DMS nanos-
tructures, i.e., their application in spintronic devices. Despite nearly two decades of re-
search on these materials, electrical control of the magneto-optical properties of DMS
nanostructures has not been realized up to date. Few examples demonstrate optical con-
trol of the magnetic properties [25, 27], including laser induced spontaneous magnetization
in Mn:CdSe QDs up to room temperature [23]. Here, the presence of an optically induced
exciton can trigger a magnetic alignment of the embedded dopant spins [8, 80], creating
a net magnetization. However, even though optical approaches may have some advan-
tages e.g. for ultrafast-switching, they require additional light sources, while electrical
approaches offer compatibility to existing electronics. Although excitonic magnetic po-
larons (EMPs) have been studied for decades in epitaxial [81–83] as well as colloidal [23,
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80, 84] QDs, their electrical control has not been realized up to now.
Within this thesis, the possibilities provided by the colloidal synthesis with respect
to control the magneto-optical functionality via size and shape of DMS nanocrystals and
to integrate these novel materials into devices are evaluated. Those include the flexibility
in nanocrystal architecture to address sp-d exchange interactions of two-dimensional and
zero-dimensional materials down to the limit of ultrasmall clusters at the border between
solids and molecules, and the flexibility of further processing towards devices. These topics
are discussed in several chapters, structured as follows:
• The second chapter reviews the theoretical background for the discussed optical and
magneto-optical effects in colloidal DMS nanostructures. It starts with an introduc-
tion to the bulk crystal and band structure of II-VI semiconductors, followed by
a description of quantum confinement in different types of nanocrystals. In addi-
tion, the electronic structure of the TM2+ dopants is presented. Subsequently, the
influence of a magnetic field on the electronic states in undoped as well as in doped
materials is elucidated, including the exchange interactions between the dopants
themselves, between the dopants and the charge carriers of the host semiconductor
and the formation of an EMP.
• In the third chapter, the materials and methods utilized within this thesis are pre-
sented. Following a short introduction to the synthesis routes used for the different
samples, the further processing for the preparation of thin films for optical charac-
terization and their embedment into electrical devices is described. In addition, the
different optical setups used within this thesis are presented.
• The fourth chapter describes how the optical and magneto-optical properties of
(CdSe)13 can be tuned either by doping with Mn2+ or by alloying (and additional
doping) with Zn (and Mn2+). In the first part the hypothesis of Digital Doping is
evaluated based on a series of Mn:(CdSe)13 clusters with different doping concentra-
tions. Via light desorption/ionization time-of-flight mass spectrometry (LDI-TOF
MS), the relative ratios of clusters doped with zero, one or two Mn2+ dopants are
determined and correlated with the giant Zeeman splitting. In the second part, the
optical and magneto-optical properties of alloy DMS clusters are presented, evi-
dencing the combination of three different cations in one cluster. In addition, the
temperature dependence of the giant Zeeman splitting is investigated.
• The structure related properties of MSCs are discussed in chapter five. First, an
optical approach for the structure analysis in Co2+-doped (CdSe)13 is presented.
Following a discussion of the band-edge magneto-optical response, the magneto-
optical features related to the Co2+ internal ligand field transition are evaluated in
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order to investigate the Co2+ environment, i.e., its coordination by anions and the
Co2+-anion bond length. Complementary extendend X-ray absorption fine structure
(EXAFS) measurements are presented, allowing an additional approach to the Co-
Se bond length. Subsequently, the influence of the small structure on the phonon
modes and the temperature dependence of the bandgap is discussed. The bandgap
shift is monitored with various optical techniques in undoped as well as Mn2+-doped
(CdSe)13 clusters, and interpreted within a thermodynamic model.
• The sixth chapter presents the magneto-optical properties of shell-doped colloidal
multilayer NPs. After proving the existence of sp-d exchange interactions in these
materials, the electronic structure of excited states is analysed with the aid of the
magneto-optical response. The probability to tune the s-d and p-d exchange inter-
actions for the various ground and excited states via wave function engineering is
evaluated by variation of the core and shell thickness in CdSe/Mn:CdS core/shell
and CdSe/MnS/Mn:CdS core/multishell NPs.
• Chapter seven describes the development of an electrical device based on
Mn:CdSe/CdS core/shell QDs, with the purpose to enable current-induced mag-
netism. Following a presentation of the relevant optical properties of the QDs and
the room temperature performance of the device, temperature dependent electrolu-
minescence measurements are conducted to evidence the existence and evaluate the
strength of the electrically induced EMP.
• In chapter eight the different findings of this thesis are summarized.
Chapter 2
Theoretical Background
In this chapter the theoretical framework for the physical properties of colloidal
DMS nanostructures is laid, providing the basis for the discussion and classifica-
tion of the observed optical and magneto-optical effects. Based on the introduc-
tion of the crystal lattice and the resulting band structure of bulk II-VI semicon-
ductors, the particularities originated by charge carrier confinement are discussed. In
addition, the electronic states introduced by the transition metal (TM2+) dopants
are reviewed. Following a short discussion of the intrinsic Zeeman effect present
in any semiconductor, the interactions between a magnetic field and the electronic
structure of DMS nanostructures are presented. Finally, the formation of exci-
tonic magnetic polarons (EMPs) in magnetically doped quantum dots (QDs) is pre-
sented.
2.1 Crystal Lattice and Electronic Structure of Bulk
II-VI Semiconductors
All DMS nanostructures examined within this thesis belong to the family of II-VI com-
pound semiconductors. In their undoped form, II-VI materials consist of an one-to-
one combination of a metal element from the groups 2 or 12 (i.e., the second main
or subgroup, formally denominated as IIA and IIB) and a non-metal from the chalco-
gens (i.e., group 16 or group VI). In order to establish an understanding of the elec-
tronic structure of the nanocrystals, the corresponding bulk properties are discussed
first.
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2.1.1 Crystal and Band Structure
The crystal structure of a solid material, which is decisive for its band structure as it
provides the potential for the charge carriers, results from the combination of the included
elements determining the bonding types. In II-VI materials, the group II metals contribute
to the bonding with their s-type outer electrons (4s2 and 5s2 for zinc (Zn) and cadmium
(Cd), respectively), while the group VI chalcogenides offer the six electrons in their valence
orbitals (3s23p4 and 4s24p4 for sulphur (S) and selenium (Se), respectively). These orbitals
form so-called sp3 hybrid orbitals, which trigger a tetrahedral arrangement of the atoms
around each other. Due to the strong differences in the electronegativities, the covalent
tetrahedral bonds possess a high ionic character (62% to 70% for the various combinations
of Cd, Zn, Se and S) [85], for which reason the atoms in the lattice are also denominated
as cations or anions, respectively.
Figure 2.1: Crystal structure of the zinc blende (a) and the wurtzite lattice (b).
Cations are illustrated in turquoise and anions in violet. From [86].
The tetrahedral bonding results, depending on pressure, temperature [87] and compo-
sition (i.e. concentration of TM2+-doping [88]), in two closely-related crystal structures,
the zinc blende and the wurtzite lattice, as illustrated in Figure 2.1. The former consists of
two (one for each element) cubic face-centered sublattices, which are shifted by one-fourth
of the unit cell diagonal. In the wurtzite structure, the two hexagonal close-packed lattices
for the cations and anions are shifted by 38 of the lattice constant along the c-axis. Both
lattice structures differ in the stacking sequence along the cation-anion bound, which is
ABCABC for zinc blende and ABAB for wurtzite [87]. In contrast to the zinc blende
lattice, wurtzite structures exhibit a reduced symmetry, which has a crucial impact on
the band structure.
In both lattice types the sp3 orbitals of the constituent atoms in the crystal form the
optically relevant electronic bands, i.e. the mainly bonding, occupied valence band and the
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Figure 2.2: Schematic band structure of zinc blende (a) and wurtzite (b) structured
materials. The conduction and valence bands are shown in turquoise and violet, respec-
tively.
mainly anti-bonding, unoccupied conduction band, which are separated by the bandgap
Eg. In II-VI semiconductors the valence band states are essentially provided by the p-type
orbitals of the chalcogens, while the conduction band is mainly s-type and originates from
the unoccupied outer orbitals of the metal cations.
Figure 2.2 depicts the schematic band structure of zinc blende and wurtzite type II-
VI materials, respectively. In both types the conduction and valence bands exhibit their
minima and maxima at the center of the Brillouin zone (Γ-point), forming a direct semi-
conductor. The electrons in the s-type conduction band exhibit zero orbital momentum
(l = 0) and their total angular momentum (j = l + s) accounts for j = 12 . As the valence
band is of p-type symmetry, all subbands possess an orbital angular momentum of l = 1.
Due to the spin-orbit coupling the otherwise sixfold (including spin) degenerated valence
band is split into a twofold degenerated spin-orbit split-off hole (so) band with a total an-
gular momentum of j = 12 and a four-fold state with j = 32 at the Γ-point. The splitting is
denominated as split-off energy ∆so. For k ̸= 0 the j = 32 states are further split according
to the projection of their total angular momentum along an observation axis (which might
be a predominant axis due to lattice anisotropies or strain or the direction of an intrinsic
or external magnetic field), indicated by the quantum number mj. In accordance with
their curvature in the energy dispersion determining the effective mass, the two subbands
are called heavy hole (hh) for the mj = ±32 band and light hole (lh) for the mj = ±12
band. In a wurtzite type semiconductor the hh and lh subbands are already split at the
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Γ-point due to the anisotropy in the crystal structure, as illustrated in Figure 2.2b. This
splitting separating the hh and lh subbands is denominated as crystal field energy ∆cf .
2.1.2 Doping and Alloying in II-VI Semiconductors
Both, the lattice and electronic structure are modified when impurity atoms are incorpo-
rated into a semiconductor host lattice, either in case of TM2+-doping or for alloying. In
order to differentiate between the two, alloying can be understood as a mixture in com-
position between two (or even more) equivalent end point elements or compounds, whose
weights can be ideally tuned between 0% to 100% without phase segregation, like it is
the case for most II-VI ternary alloys [89]. In contrast to this, doping may be interpreted
as the admixture of one element, e.g., a transition metal into a dominant host material -
which may be a binary II-VI compound semiconductor - by partial replacement of some
atoms in the lattice. Typically the maximum doping concentrations are small.
The solubility of Mn2+ in CdSe, CdS or ZnS can reach up to 50%, while at higher
concentrations mixed phases occur in epitaxially grown crystals [9]. The main difference
between both types of so-called pseudo-binary mixtures (combining two binary compounds
sharing one element) is that in case of e.g., CdSe - ZnSe alloying, two cations with isovalent
electronic structure (i.e. (n-1)d10ns2 with completely filled d orbitals) are admixed, while
in case of Mn2+ doping the 3d shell is only half filled. Due to this, Mn2+ can either form
bonds based on the tetragonal sp3 hybridization or an octahedral spd orbital configuration
involving the free d orbitals, the latter representing the condition found in the stable
rocksalt structured modifications of pure Mn chalcogenides (MnS and MnSe) [90]. This
limits the incorporation of Mn2+ in zinc blende or wurtzite structured host semiconductors
to below ≈ 50% in bulk.
The lattice parameter as well as any material property originating from a significant
volume in the lattice like e.g., the mechanical properties, are known to change linearly
with the composition of the alloy between the two values for the pure components [91].
The lattice constant a(x) of a II-VI pseudo-binary alloy AxB1-xC follows Vegard’s law [92]:
a(x) = x · aAC + (1− x) · aBC (2.1)
In contrast to this, the electronic structure and the optical properties do not simply scale
with the composition. Figure 2.3 depicts the bandgaps of several II-VI pseudo-binary alloys
(from [91]). The bandgap is found to follow a quadratic dependence on the composition
[89]:
Eg(x) = x · EACg + (1− x)EBCg − x(1− x)b (2.2)
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Figure 2.3: Energy gap as a function of the lattice constant for various II-VI pseudo-
binary alloys (from [91]).
Herein EAC/BCg denominates the bandgap of the pure components AC and BC and b is the
bowing parameter, which usually has a positive value, so that the bandgap for alloys may
even be reduced compared to the values of the pure components. This deviation from a
linear dependence has been attributed to a combination of various influences.
b = bintr + bfluct (2.3)
The first part bintr represents an intrinsic contribution to the bowing. Describing the band
structure of a random alloy with a virtual crystal approximation, the use of a linearly av-
eraged atomic core potential in the Schrödinger equation leads to a quadratic dependence
of the bandgap on the composition [91, 93]. Thus, even in a perfectly mixed alloy, bowing
would be present. The second part originates from deviations from the averaged potential
caused by e.g., local alloy fluctuations or local strain etc. [89, 91].
2.1.3 Temperature Effects on the Electronic Structure
The temperature dependence of the fundamental bandgap is a characteristic similar-
ity among most semiconductors. With increasing temperature, the bandgap im most
group IV, III-V or II-VI materials is observed to decrease monotonically, exhibiting weak
quadratic or cubic dependencies at low temperatures, which changes to a nearly linear
decay above the Debye temperature. Here, lead salts (e. g., PbS or PbSe), which ex-
hibit a positive dEg
dT
, represent an exception. In most other semiconductors, the bandgap
decay between cryogenic and room temperature accounts for ≈ 50meV to 100meV
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[89], as can be seen in Figure 2.4 (plots are based on the fitting parameters given in
[94]).
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Figure 2.4: Temperature dependence of the bandgap for several group IV, III-V and
II-VI semiconductors. Data sets plotted after [94].
The negative thermal coefficient of the bandgap is commonly attributed to a superpo-
sition of two effects, (i) the thermal lattice expansion and (ii) the electron phonon coupling
- the latter representing the major contribution (≈ 75%) [76, 77, 95]. The most common
expression traditionally used to describe the temperature dependence of the bandgap in
semiconductors is an empirical equation proposed by Varshni [76, 77]:
Eg(T ) = Eg(0K)− αVT
2
T + βV
(2.4)
Herein Eg(0K) denotes the bandgap at 0K and αV and βV are known as Varshni
parameters, the latter being loosely related to the Debye temperature. At high tempera-
tures (T ≫ βV) the slope with temperature equals αV.
Although most experimental results are sufficiently described with this equation, its
parameters (αV and βV) do not exhibit a physical meaning; especially βV exhibits only
poor agreement with the Debye temperature in most cases [87]. As both factors con-
tributing to the temperature dependent bandgap shift - the lattice dilation as well as the
electron phonon interaction - scale with the occupation number of the involved phonons
[77, 95], the temperature dependence can in general be described using expressions based
on Bose-Einstein terms (describing the occupation factors of phonons). A semi-empirical
model neglecting any phonon dispersion, which provides fitting parameters exhibiting a
higher physical significance than the Varshni parameters, has been proposed by O’Donnel
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and Chen [77]:
Eg(T ) = Eg(0K)− Sfit⟨~ω⟩
[
coth
( ⟨~ω⟩
2kBT
)
− 1
]
(2.5)
Herein ⟨~ω⟩ denotes the average phonon energy and Sfit represents a dimensionless cou-
pling constant. By a simple algebraic manipulation, it can easily be transformed to Equa-
tion 2.6, in which form it will be used later on.
Eg(T ) = Eg(0K)− 2Sfit⟨~ω⟩exp(⟨~ω⟩/kBT )− 1 (2.6)
At high temperatures dEg
dT
accounts for −2SfitkBT .
Table 2.1 lists Varshni parameters as well as Sfit and ⟨~ω⟩ for various II-VI semicon-
ductors. Among these, the bandgap slope at high temperatures is minimal for zinc blende
structured CdSe or hexagonal CdS and maximal for ZnSe.
Table 2.1: Varshni parameters and parameters for Equation 2.6 of O’Donnel & Chen
for modeling the temperature dependence of the bandgap in II-VI semiconductors (from
[89]).
Compound Varshni’s Equation O’Donnel & Chen
Eg(0K) [eV] αV [meVK−1] βV [K] Eg(0K)[eV] Sfit ⟨~ω⟩ [meV]
c-CdSe 1.772 0.37 150 1.765 2.83 18.9
h-CdSe 1.834 0.424 118 1.849 2.94 25.4
h-CdS 2.558 0.386 103 2.568 1.54 13.9
c-ZnSe 2.825 0.67 270 2.818 3.12 15.1
2.1.4 Excitons in Bulk Semiconductors
Due to their opposite charges, a free electron and a hole in a semiconductor can bind to
each other through their Coulomb attraction, forming a so-called exciton, which is not
captured in the single-particle picture drawn above. In most semiconductors, including
the II-VI materials, the Coulomb interaction is shielded by the remaining electrons (as
described by the dielectric constant ϵr), so that electron and hole are delocalized over many
unit cells with a binding energy in the order of several tens of meV. This so-called Wannier
exciton can be described as a quasi particle with an exciton center-of-mass-motion and
a relative movement of the electron around the hole in analogy to the hydrogen atom,
which gives rise to an exciton binding energy Ebulkexc as well as an exciton Bohr radius aB
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[96, 97]:
Ebulkexc = −
mre
4
2~2 (4piϵ0ϵr)2
1
n2exc
aB =
~24piϵ0ϵr
mre2
(2.7)
Here mr denotes the reduced effective mass of the exciton, which is defined as:
1
mr
= 1
me
+ 1
mh
(2.8)
This leads to several hydrogen-like excitonic levels (nexc = 1, 2, ...), where usually the
nexc = 1 ground state is observed in experiment. In most cases, the exciton formation can
be treated as a second order perturbation, slightly reducing the transition energies, which
result from the single-particle conduction and valence band states. Due to their nature, the
electron-hole wave function overlap integral of excitons and thus their oscillator strength
is strongly enhanced, and therefore excitonic transitions often dominate the absorption of
a material.
2.2 Influence of Quantum Confinement on the Elec-
tronic Structure
In case that at least one dimension of a structure approaches the length scale of the exciton
Bohr radius, the wave functions of the electrons and holes are confined, so that their
allowed energy states are no longer continuous, but semi-discrete or discrete, depending
on the type of confinement. Due to the confinement energy of the electron and the hole
the bandgap increases with decreasing dimension, introducing a size dependence of the
bandgap.
In a three dimensional bulk material, the electron or hole wave functions may be
described as plain wave terms within the frame of so-called Bloch functions [96]:
Ψ( #–r ) = uk ( #–r ) exp
(
i
#–
k · #–r
)
(2.9)
Herein uk( #–r ) = uk( #–r +
#–
T ) describes the local variation of the wave function on a lattice
site with the periodicity of the lattice vector #–T , #–r denotes the position in the crystal and
#–
k is the wave vector. The wave function of an electron or a hole in a confining potential
is given by a linear combination of Bloch functions with different k. In case the size of the
nanostructure exceeds the dimension of a lattice cell, the Bloch functions are only weakly
dependent on the wave vector (uk ≈ uk=0) and the wave function can be simplified in
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form of a product of the Bloch function and an envelope function ψ( #–r ) [96]:
Ψ( #–r ) = uk=0 ( #–r )ψ ( #–r ) (2.10)
Within this so-called envelope function approximation, the confinement effects affect only
on the envelope function, and the Schrödinger equation used to calculate energy states of
quantum confined systems can be directly applied to the envelope function rather than
to the whole wave function Ψ( #–r ).
The confinement barrier may either be realized by a surrounding semiconductor with
a higher bandgap like in epitaxial quantum dots or quantum wells, or by vacuum (or the
ligands in most cases) in free-standing structures like colloidal nanocrystals. Depending on
the shape of a structure, the electron and hole wave functions are either confined in one,
two or three directions, like it is the case in quantum wells, quantum wires or quantum
dots, respectively. In contrast to the conduction band, the three subbands of the valence
band may be either separated or mixed by the confining potential, as elaborated below.
In strongly confined systems, the electron-hole exchange interactions between both types
of charge carriers have to be considered additionally, often causing a fine structure of the
observed excitonic pattern.
Below, the electronic structure of two dimensional quantum wells like colloidal
nanoplatelets are discussed with the help of the well-known “particle-in-a-box” model.
Subsequently, the influence of a spherical confinement on the conduction and valence
band states is presented and finally, the fine structure of the band edge excitonic transi-
tion in a strongly confined spherical system as apparent in MSCs is outlined.
2.2.1 Electronic Structure of Two-Dimensional Quantum Wells
The electronic states in a two-dimensional quantum well can be described with the
“particle-in-a-box” model, considering the movement of an electron in an one-dimensional
potential with infinitely high barriers (compare Figure 2.5). This approximation well de-
scribes colloidal two-dimensional structures like NPs or nanoribbons [35, 37], which are
surrounded by organic ligands, but fails to describe epitaxial quantum wells embedded in
cladding layers made of semiconductors with higher bandgaps. Here the finite potential
height of the cladding layers has to be considered. The energies of the quantized states as
well as the wave functions can be calculated based on the stationary Schrödinger equation:
− ~
2
2m
d2ψnenv(x)
dx2
+ V (x)ψnenv(x) = Eqnenvψnenv(x) (2.11)
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Figure 2.5: ”Particle-in-a-box” model. (a) depicts the potential well and the energies
and wave functions of the n = 1, 2, 3 states. (b) illustrates the density of states in a
two-dimensional system.
Here, V (x) represents the one-dimensional potential, m is the effective mass and Eqnenv
and ψnenv denote the quantization energy and the envelope wave function of the state
with the principle envelope quantum number nenv. Applying continuity conditions for the
edges of the well, where the wave function vanishes (ψ(0) = ψ(Lx) = 0), the energy states
and wave functions can be calculated as:
Eqnenv =
~2pi2
2m
n2env
L2x
(2.12)
ψnenv(x) =
√
2
Lx
sin
(
nenvpix
Lx
)
(2.13)
Herein, Lx is the quantum well width and nenv = 1, 2, 3, ... represents the envelope prin-
cipal quantum number. Figure 2.5a depicts the energies and wave functions of the three
energetically lowest states. The energy values, which refer to the energy of the bottom
of the well, increase quadratically with nenv, while the wave functions possess the form
of sine waves. Note that the first allowed energy is above the bottom of the quantum
well, so that the bandgap increases in case of carrier confinement. The electrons and holes
are confined solely in the quantization direction and are free to move in the plane of the
quantum well, leading to a step-wise function of the density of states, compare Figure
2.5b (neglecting excitonic effects).
In general, the oscillator strength of a transition involving a hole state and an elec-
tron state is proportional to the overlap integral of the conduction and valence band
wave functions. In a quantum well, the envelope functions are relevant. As in case of
infinite barrier heights all envelope functions are sine waves, which represent a system of
orthogonal functions, the overlap integral is zero for ∆nenv = |nenv,e − nenv,h| ̸= 0 and all
interband transitions with unequal nenv are forbidden. However, this selection rule is only
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valid for infinite quantum wells. In finite quantum wells, which describe the common case
in real systems, the wave functions decline exponentially outside the well, which softens
the selection rules, so that transitions with ∆n = 0,±2,±4, ... become allowed.
The two-dimensional confinement in quantum wells also leads to a reduction of the
exciton Bohr radius as compared to three dimensional semiconductors, which induces an
increase of the exciton binding energy. Two-dimensional excitons can be described based
on a product of the quantum well states (Equation 2.13) and a two-dimensional wave
function [98], which leads to exciton binding energies given by [99]:
E2Dexc = −
mre
4
2~2 (4piϵ0ϵr)2
1(
nexc − 12
)2 =nexc=1 4Ebulkexc (2.14)
For the ground state exciton (nexc = 1), this accounts for an increase of the exciton
binding energy by a factor of four compared to the bulk value.
As evident from Equation 2.12, the confinement energy scales inversely with the ef-
fective mass of a charge carrier. Due to the different effective masses of the hh and lh,
the one-dimensional quantum confinement in two-dimensional materials lifts the degen-
eracy at the top of the valence band and separates the hh and lh subbands. This enables
the observation of excitonic transitions with well defined hole characters, as depicted in
Figure 2.6 for colloidal nanoplatelets, which represent an ideal model system for a quan-
tum well. Three distinct absorption peaks can be attributed to the hh, lh and so excitonic
transitions (hh-X, lh-X and so-X).
Figure 2.6: Absorption spectrum of colloidal CdSe nanoplatelets exhibiting distinct
resonances for the hh-X, lh-X and so-X excitonic transitions. From [100].
The very fundamental ”particle-in-a-box” model is quite sufficient to describe the
basic optical features of colloidal nanoplatelets. However, systematic studies show that
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the non-parabolicities of the electron and lh bands have to be considered in order to
describe the lh-X transition energy quantitatively [35]. In highly confined regimes the
lowest allowed k value increases (k ∝ 1
L2x
), and due to the non-parabolicities the lh effective
mass approaches the hh value, and thus the energy spacing between the hh-X and lh-X
transition is found to be independent on the NP thickness.
Beyond this simple model, quantum wells do exhibit a fine structure caused by
the electron-hole exchange interaction [101–104] - similar to the one described be-
low for strongly confined quantum dots. The exchange interactions split the fourfold-
degenerated hh-X state corresponding to different spin constellations (different combina-
tions of mjhh = ±32 and mje = ±12) into a bright and a dark doublet, defined by the total
angular momentum projection Fm = mje +mjhh = ±2 or ±1, respectively. While bright
excitons (Fm = ±1) can couple with the light field directly, dark excitons (Fm = ±2)
cannot recombine without e.g., a phonon carrying the redundant angular momentum.
2.2.2 Spherical Confinement in a Zero-Dimensional Quantum
Dot
In spherically confined QDs like the giant shell nanoparticles or the MSCs, the two-
dimensional confinement is replaced by a spherical confinement, leading to the model of
a ”particle-in-a-sphere” with an infinite barrier well at r = aQD, with aQD respresenting
the quantum dot radius. Solving the Schrödinger equation for such a potential yields
spherical envelope wave functions similar to the atomic orbitals (analogously labeled with
the quantum numbers nenv = 1, 2, 3, ... and lenv = 0, 1, 2, ... ≡ S, P,D, ... ) [12] with
energies given by:
Eqnenv,lenv =
~2α2nenv,lenv
2ma2QD
(2.15)
Here αnenv,lenv represents the nenvth zero of the lenvth order spherical Bessel function. As
the wave functions are based on a product of spherical harmonics and spherical Bessel
functions, the selection rules for transitions between ”particle-in-a-sphere” states follow
from the orthogonality as ∆nenv = ∆lenv = 0.
In a spherical confinement, the Coulomb correction for the band edge excitonic tran-
sition accounts for [105]:
E0Dexc = −
1.8e2
4piϵrϵ0aQD
(2.16)
The ”particle-in-a-sphere” model correctly describes the dependencies of the quanti-
zation energy on the dimensionality aQD and is able to picture the electron wave functions
and energy states in the conduction band [106], but fails to describe the holes states of the
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Figure 2.7: Relevant quantum numbers for the wave functions in the spherical confine-
ment of colloidal QDs (after [12]). Both the unit cell total angular momentum (j = l+s)
as well as the envelope orbital momentum lenv do not persist as good quantum num-
bers. A state with a given total angular momentum N represents a linear combination
of various pairs of j and lenv. Note that for an electron in the twofold degenerated
conduction band no mixing occurs. After [12].
inherently degenerated valence band [12]. In contrast to the two dimensional confinement
in quantum wells, where each hole subband produces its own independent ladder of quan-
tized states, the different valence subbands are mixed in the spherical confinement of the
quantum dots [33, 34]. As a result, both the total angular momentum jh resulting from
the unit cell of the bulk as well as the envelope function orbital momentum lenv,h are no
longer good quantum numbers. Instead, the sum of both components, which is given by
the total angular momentum Nh, together with the parity remain the only good quantum
numbers (compare Figure 2.7). Valence band hole states in colloidal nanocrystals include
contributions from envelope functions with lenv,h and lenv,h + 2, which is denominated as
”S-D mixing”, and represent admixtures of subbands with different jh, i.e., different hole
characters.
The valence band states are labeled according to nenvlenv,hNh with lenv,h representing
the lowest involved envelope function. As the conduction band is not affected by band
mixing, the electron states are denominated solely by their envelope function quantum
numbers as nenv,elenv,ee. Calculated conduction and valence band states are depicted in
Figure 2.8 for varying nanocrystal radii, together with the energies of several transitions
[34]. Note that for both theoretical calculations the conduction band non-parabolicities
have been considered, while the Coulomb interaction has been integrated as a first-order
20 2 Theoretical Background
Figure 2.8: Valence band mixing in colloidal QDs. (a) Conduction and valence band
energy states calculated based on an effective mass approximation. From [33]. (b) de-
picts a comparison of theoretically calculated (line) and experimentally determined
(dots) energies for various transitions. Calculated energies include the Coulomb inter-
action as a first-order energy correction. After [34].
energy correction.
The energetically lowest band edge transition involves the 1S3/2 hole state and the 1Se
electron state (1S3/21Se) and commonly evokes the dominating absorption peak of colloidal
QDs. In order to describe the absorption pattern of colloidal quantum dots, the valence
band mixing due to a spherical confinement acting on the hole subbands is sufficient
[34]. Nevertheless, each line drawn in Figure 2.8 represents a highly manifold multiplet,
whose degeneracy is partly lifted in reality due to additional effects not considered in
the model above, like the electron-hole exchange interaction or uniaxial pertubations like
shape anisotropies or a wurtzite lattice structure. These effects give rise to the so-called
fine structure splitting for each transition, which becomes relevant for the dynamics of
the photoluminescence [106, 107] or the Stokes shift between absorption and emission
[108, 109] of colloidal QDs. In very small nanocrystals like the MSCs, the fine structure
may even be visible in the ensemble absorption [31]. The fine structure as well as its
observation in MSCs is thus discussed in the next subbsection.
2.2.3 Band Edge Transition in Strongly Confined Quantum Dots
While the electron state exhibits twofold degeneracy, the hole state of the 1S3/21Se band
edge transition is fourfold degenerated with respect to the projection of its total angular
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momentum Nm,h = ±32 , ±12 (Nm,h = ±Nh,±(Nh − 1)). This leads to an eightfold degen-
erated band edge excitonic transition, which is split into a maximum of five fine structure
states due to two, fundamentally different perturbations: (i) The influence of an uniaxial
pertubation, which might either be represented by a lattice asymmetry in wurtzite struc-
tured materials or a shape anisotropy due to oblate or prolate geometry. (ii) The influence
of the exchange interactions between the electron and the hole, which appear negligible
in bulk but increase strongly upon reduction of the nanocrystal dimensions.
Analog to the uniaxial anisotropy present in bulk wurtzite semicondcutors or quantum
wells splitting the hh and lh components with different mj, the nanocrystal anisotropy
splits the quantized hole states according to their projection of the total angular momen-
tum Nm,h of ±32 and ±12 to two (twofold) Kramer-doublets (compare Figure 2.9, left side).
While the splitting due to the intrinsic lattice anisotropy scales with the ratio of the hh to
lh effective masses, the splitting due to shape anisotropy increases with the confinement
energy and may change its sign depending on whether the crystals are oblate or prolate.
Thus, the net splitting, resulting from a superposition of both anisotropies, can even be
negative, inverting the order of the hole states.
Nm,h
 = ± 1/2 
Nm,h
 = ± 3/2 
4
4
F  =  1 
3
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8
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Fm = 0
L
Fm = 0
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Fm = ± 1
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uniaxial symmetry
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(spherical zinc blende QDs)
Figure 2.9: Fine structure splitting in strongly confined spherical QDs. While the
nanocrystal asymmetry (either lattice or shape anisotropy) lifts the hole state degen-
eracy according to the projection of the hole total angular momentum, the exchange
interaction in small nanocrystals splits the band edge exciton into an optically passive
F = 2 and an optically active F = 1 state. After [12].
The electron-hole exchange interaction on the other hand splits the eightfold degener-
ated 1S3/21Se transition according to the electron and hole spin states, which are described
by the excitonic (i.e. electron + hole) total angular momentum F . In zinc blende bulk
crystals the band edge transition is split into an optically passive F = 2 and an opti-
cally active F = 1 state. According to their angular momentum projections the former is
fivefold and the latter threefold degenerate (compare right side of Figure 2.9).
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a b c
spherical spherical prolate
Figure 2.10: Calculated fine structure pattern of spherical QDs with zinc blende (a,
CdTe) or wurtzite (b, CdSe) lattice structure compared to the splitting in prolate
nanocrystals with wurtzite structure (c, CdSe). From [106]. Dashed/solid lines indicate
optically passive/active states.
Together, the nanocrystal anisotropy and the exchange interaction split the band edge
transition into one twofold degenerated state with exciton angular momentum projection
Fm = ±2, two twofold degenerated states with Fm = ±1 and two non-degenerated states
with Fm = 0. In order to differentiate between fine structure states with the same Fm, they
are labeled with L/U for the lower and the upper state, respectively. Calculated fine struc-
ture patterns for spherical nanocrystals with zinc blende (solely exchange interaction) and
wurtzite structure (exchange interactions + lattice anisotropy) are compared to prolate,
wurtzite structured QDs in Figure 2.10. Optically allowed transitions are indicated with
solid lines, while dashed lines indicate optically forbidden transitions. Similarly to the
dark state in quantum wells, the ±2 transition is optically inactive, as photons cannot
carry an angular moment of 2. The optical inactivity of the 0L state results from a de-
structive interference of the two indistinguishable excitonic states contributing to F = 0
(i.e., the two combinations of Nm,h = ±12 and mj,e = ∓12).
Yang et al. used the fine structure theory developed for colloidal QDs to explain
band edge transitions of (CdSe)13 MSCs [31]. These clusters represent the boundary be-
tween molecules and nanocrystals, containing only 26 atoms. Comparing absorption and
MCD spectra, they were able to identify several magneto-optically active and inactive
transitions, which were attributed to the fine structure peaks of the 1S3/21Se band edge
transition. The assignment of the different peaks are shown in Figure 2.11a.
Obviously, the fine structure theory by Efros, Al. L. et al. represents a rough approx-
imation for the electronic structure of the (CdSe)13 MSCs [106]. In particular, the basic
assumption for the envelope function approximation, requiring that the dimensions of the
structure considerably exceed the size of the unit cell, is not fulfilled for the clusters.
2.2 Influence of Quantum Confinement on the Electronic Structure 23
b c
Figure 2.11: Fine structure splitting in strongly confined MSC. (a) depicts an absorp-
tion (top) and magnetic circular dichroism (MCD) (bottom) spectrum of Mn2+-doped
(CdSe)13 MSCs at 5K. Dashed lines indicate the different fine structure peaks. From
[31]. In (b) calculated transition energies as well as a simulated absorption spectrum
achieved via time-dependent DFT are shown. (c) depicts the corresponding crystal
structure of the (CdSe)13 clusters. (b) and (c) from [64].
As the charge carrier wave functions in (CdSe)13 can obviously not be described with
the envelope function used in conventional QDs, any effective mass approximation can
be regarded as a crude simplification for the clusters representing the boundary towards
molecules. Thus, it is conceivable that the selection rules determining the optical activi-
ties are partly lifted, allowing e.g., the observation of the formally forbidden transitions.
The assignment of the various fine structure states as known from [106] to the observed
transitions in (CdSe)13 MSCs can thus only be interpreted as symbolic equivalents. How-
ever, the fine structure theory provides a theoretical access for the understanding of the
optical and magneto-optical behaviour of the observed absorption pattern in the (CdSe)13
clusters.
The common way to describe the optical properties of such small clusters is their
atomistic calculation via DFT [64, 66, 68, 110, 111]. Here in a first step, the lattice struc-
ture of the MSCs is obtained minimizing the clusters overall energy. Subsequently, access
to the electronic structure can be gained. Figure 2.11b depicts a theoretical absorption
spectrum obtained as a Gaussian convolution of the transition energies calculated via
time-dependent DFT for the (CdSe)13 cluster shown in Figure 2.11c. Note that the spe-
cific structure of the (CdSe)13 MSCs, which is still controversially discussed [64–69] (com-
pare 5.1.3), determines the absorption shape. The spectrum is calculated for a so-called
core-cage cluster, which is considered as one of the most stable structures of (CdSe)13,
additionally capped with formate hydrogen pairs (red, grey and white atoms in Figure
2.11c). The calculated spectrum reveals the two dominant absorption peaks above 3.5 eV,
which are evident in the experimental data (compare Figure 2.11a). Particularly, the two
absorption peaks include at least eight individual transitions up to 3.8 eV, indicated by
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the black lines in Figure 2.11b. Accordingly, the picture of the electronic structure drawn
by DFT calculations is not significantly different from the fine structure pattern proposed
based on the effective-mass approximation by Efros, Al. L. et al. It can thus be assumed
that the two peaks dominating the bandgap absorption of MSCs originate from the fine
structure of the 1S3/21Se transition.
2.3 Electronic Structure of Transition Metal Ions in
a Tetrahedral Crystal Field
First row transition metals ions - as used for magnetic doping in DMS materials - are
characterized by their partly filled 3d subshell combined with a filled 4s valence orbital.
In analogy to Cd2+, these outer electrons are released in case the dopants are embedded as
TM2+ cations into a II-VI host semicondcutor, so that the 4s and 4p orbitals (hybridized
to 4sp3) can be regarded developing the covalent bonds, while the inner 3d orbitals of
the transition metals are considered as nonbonding orbitals [112] (note that this may be
different in other material systems). Due to the partly filled d-shell, the TM2+ dopants
exhibit a nonzero spin moment S, in strong contrast to the atoms/ions of the host material
in the 3d10 configuration with S = L = 0. For the TM2+ used as dopants within the scope
of this thesis, the spin moments equal S = 52 , L = 0 for Mn2+ and S = 32 , L = 3 for Co2+,
exhibiting electron configurations of [Ar]3d5 and [Ar]3d7, respectively.
Figure 2.12: Electronic structure of the TM2+ 3d orbitals. (a) depicts the five different
3d orbitals. In (b) the tetrahedral arrangement of the four anions around a TM2+ cation
is illustrated. Both from [113]. (c) represents the splitting of the 3d orbitals in a crystal
field.
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In addition to the magnetic exchange interactions between the dopant spins and the
charge carriers of the host semiconductor (discussed in detail below), TM2+-doping also
introduces additional electronic transitions between the (not completely filled) orbitals
located essentially on the TM2+ ions. The energetic pattern of the 3d orbitals can be
qualitatively described within the crystal field theory, in which the nearest anions (Se
or Zn) surrounding the TM2+ cation are treated as point charges creating a potential,
which interacts with the TM2+ d orbitals [70, 114]. The relative coordination of the an-
ions (denominated as ligands in this context) around the TM2+ ions is crucial for the 3d
orbital energy splitting. Figure 2.12a depicts the orbital part of the five d orbitals, derived
as a real representation of the the hydrogen-like wave functions of a free ion [113, 115].
While the dz2 and dx2-y2 orbitals have their electron density maxima directed along the
Cartesian axes, the remaining dyz, dxz and dxy orbitals point towards the region between
the axes. Comparison with the tetrahedral coordination of the four ligand atoms around
the central ion (representing a Td point group, compare Figure 2.12b) evidences, that
the d orbitals are not equally affected by the ligands: As the repulsion between the latter
and the ligands depends on the degree in which the orbitals venture into the vicinity of
the point charges, it is obvious that the dyz, dxz and dxy orbitals are energetically less
favorable than the dz2 and dx2-y2 orbitals. The electrostatic potential of the ligands intro-
duces a splitting in a doubly degenerate e and a triple degenerated t2 set (the numerical
subset denotes the behavior with respect to rotation or reflection), as depicted in Figure
2.12c.
In order to quantitatively describe the so-called ligand field electronic transitions in
TM2+ ions containing more than one electron in the 3d shell, the crystal field theory
must be expanded to the ligand field theory, which in addition includes the d-d inter-
electronic repulsion between the electrons occupying the d shell and the spin-orbit coupling
between the spin and orbital momentum of these electrons [70]. The former depends on
the distribution of 3d electrons among the different orbitals and determines that it is
energetically more favorable for two electrons to occupy differed orbitals with parallel
spin than one with paired spins. It also dictates the order, in which different orbitals are
occupied (known as Hund’s rule for the ground state). For first-raw TM elements like
Co2+ or Mn2+, where the d orbitals are not shielded by electrons in higher s or p orbitals,
the influence of the ligand field is of the same magnitude or smaller than the inter-electron
repulsion, while the spin-orbit interaction can be regarded as a small perturbation.
Inter-electronic repulsion between the electrons in the 3d orbitals gives rise to the free
ion terms, i.e. the various energy levels resulting from the different assignments of electrons
to a certain set of orbitals (denominated as 2S+1X, with 2S + 1 as the spin multiplicity
and X specifying L with S = 0, P = 1, D = 2, ... ) [115]. For Mn2+ ions the most stable
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free ion configuration 6S corresponds to five unpaired electrons (S = 52 and L = 0), while
the Co2+ ground state 4F denotes a configuration with three unpaired spins and a total
angular momentum of L = 3. Influenced by a ligand field, these free ion terms split or
convert into either one- (A), two- (E) or threefold (T) orbitally degenerated terms, while
maintaining their spin multiplicity 2S + 1.; e.g, 4T1 denotes a 12-fold degenerated term
with an orbital multiplicity of 3 and a spin multiplicity of 4.
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Figure 2.13: Tanabe-Sugano diagram for Mn2+ (a) and Co2+ (b). Transitions are
depicted for CR/BR ratios typically found in II-VI materials (CR/BR = 4.48 for Mn2+
and CR/BR = 4.5 for Co2+. The nomenclature for the free ion terms can be found at
the left axis, while the denomination of the ligand field terms is given at the right and
upper axes. After [116].
The energy levels of the ligand field terms can be calculated quantitatively including
both ligand fields and inter-electronic repulsion (described with the cation-specific Racah
parameters BR and CR [117]), and are commonly presented in form of Tanabe-Sugano
diagrams [70, 118], in which the energies of the excited states are plotted against the
ground state energy as a function of the ligand field strength ∆LF. As both axes are
scaled in multiples of the Racah parameter BR, one diagram can be used for a specific
ion in any crystal field. ∆LF and BR values for Mn2+ and Co2+ in several II-VI hosts can
be found in Table 2.2.
Figure 2.13 depicts Tanabe-Sugano diagrams for Mn2+ and Co2+ in Td geometry.
Insets represent the spin configuration in the ligand field ground terms with maximum
spin projection, while black arrows indicate the most important transitions for both ions
in II-VI semiconductors, respectively. The energies of transitions between states with
different S also depend on the Racah parameter CR, and are indicated in Figure 2.13
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Table 2.2: Ligand field energy and Racah parameter BR for Mn2+ and Co2+.
ion host ∆LF/10 [cm−1] BR [cm−1] CR [cm−1] reference
Mn2+ ZnSe 405 740 2740 [119]
Mn2+ ZnS 440 762 2736 [119]
Co2+ CdSe 320–323 598–610 - [120, 121]
Co2+ CdS 315–316 664–665 - [120, 122]
Co2+ ZnSe 361 584 2670 [120]
Co2+ ZnS 375–385 610–611 2831 [120, 123]
for CR/BR values most likely for Mn2+ and Co2+ in II-VI materials (CR/BR = 4.48
and 4.5 for Mn2+ and Co2+, respectively). For Mn2+ a discontinuity in the diagram
marks the crystal field strength at which the transition from high spin to low spin
species occurs, as the increasing crystal field splitting forces the spins to pair in the
lower e subset. The oscillator strengths of the various transitions (reflected with solid
and dashed lines in Figure 2.13 for allowed and less-allowed transitions, respectively),
defining whether a specific peak is observed in absorption, are determined by two selec-
tions rules: (i) the spin selection rule requiring maintenance of the spin quantum number
S and (ii) the parity selection rule (often known as Laporte rule), demanding differ-
ent parities for the ground and excited state wave function. As tetrahedral complexes
do not exhibit an inversion center, all ligand field transitions are formally Laporte al-
lowed.
In case of Mn2+ with five unpaired spins in the ground state, all d-d ligand field tran-
sitions are formally spin-forbidden, but gain some intensity due to spin-orbit coupling
between the spin and orbital momentum of the TM2+ cations as well as the surrounding
anions [11, 124], weakening the well defined spin quantum numbers. However, the energet-
ically lowest 4T1→6A1 transition, which is hardly observed in absorption in Mn2+-doped
DMS materials [121], generates a characteristic feature in photoluminescence (PL). This
transition in particular dominates the emission behavior of many II-VI QDs doped with
Mn2+, as it often lies energetically below the host semicondcutor bandgap, allowing an
energy transfer from excitonic states into the Mn2+ ligand field levels.
In contrast to Mn2+, Co2+ has several low-energy ligand field transitions, which are
spin-allowed and provide an optical approach to the chemical environment of Co2+ dopants
in II-VI materials. While the two energetically lowest transitions to the 4T2 and 4T1(F)
states are in the infrared and near-infrared region of the spectrum, the 4A2→4T1(P)
transition is frequently observed even at low Co2+ concentrations in absorption. Upon
application of an external magnetic field, the spin degeneracy is partly removed allowing
for the observation of pronounced features of the 4A2→4T1(P) transition also in MCD
spectroscopy [71, 125–127]. In strong contrast to Mn2+, the PL of Co2+-doped DMS
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materials is strongly quenched in most cases, as the cascade of Co2+ internal ligand
field transitions, in particular the 4T1(P) and 4T1(F) levels, provide efficient nonradiative
relaxation pathways.
2.4 Zeeman Effect and Exchange Interactions
The extraordinary functionalities of DMS materials originate from the exchange coupling
between the 3d electrons of the TM2+ dopants and the s- and p-like electrons and holes of
the host material, respectively. These functionalities gain importance in case the TM2+
spins exhibit an intrinsic order and thus an overall magnetization, either due to align-
ment along an external magnetic field or an internal exchange field provided by charge
carriers. The impact of a magnetic field on the intrinsic electronic structure of the host
semiconductor and the magneto-optical characteristics of DMS materials are presented
below.
2.4.1 Intrinsic Zeeman Effect
In the presence of an external magnetic field, the electronic structure and likewise the
optical properties of a semiconductor are changed due to a coupling of the magnetic
moments of the charge carriers to the magnetic field. Depending on the orientation be-
tween the magnetic field and the magnetic moments, the energy levels are shifted in-
troducing a splitting of the optical transitions. This is called the intrinsic Zeeman ef-
fect.
For a charge carrier in the conduction or valence band, the Hamiltonian describing
the linear magnetic field effects (neglecting the diamagnetic shift) can be written as [12]:
Hint,c/v = ge/h µB #–s e/h · #–B (2.17)
Herein, ge/h and #–s e/h denote the Landé g-factor and the spin operator of the electron and
the hole, respectively, µB is the Bohr magneton and
#–
B an external magnetic field with
amplitude B. The Zeeman shift of a specific band depends on its total angular momentum
projection mj along the magnetic field (∝ ge/h µBmjB).
The energy of an electron in the conduction band or a hole in the valence band at the
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Figure 2.14: Selection rules for the e − hh and e − lh transitions according to the
Bloch function quantum numbers.
Γ-point can then be described as [128]:
Ec =Eg ± 12 ge µBB for mj = ±
1
2
Ev =
±
3
2 gh µBB for the hh (mj = ±32)
±12 gh µBB for the lh (mj = ±12)
(2.18)
According to the optical selection rules, the corresponding energy splitting of the optical
transitions results in a superposition of the electron and hole splitting. As photons carry
an angular momentum of ±~, transitions are allowed in case of ∆l = 1, which is satisfied
for a transition involving a s-type conduction and a p-type valence band states. A spinflip
is forbidden by the spin selection rule (∆s = 0). The change in the projection of the total
angular momentum ∆mj defines whether a transition is optically allowed for circularly
left polarized (σ-) (∆mj = −1), circularly right polarized (σ+) (∆mj = +1) or linear (pi)
polarized (∆mj = 0) light. For a bulk semiconductor, the optical allowed transitions for
σ- and σ+ light are indicated in Figure 2.14.
The Zeeman splitting is defined as the difference in the transition energies between
the σ+ and σ- light, following the convention in [12]:
∆EZ = Eσ+ − Eσ− (2.19)
The intrinsic Zeeman splitting can also be expressed using an excitonic g-factor gint:
∆EZint = gintµBB (2.20)
The magnitude of the intrinsic Zeeman effect is usually rather small (|gint| ≈ 1) and can
30 2 Theoretical Background
Table 2.3: Intrinsic g-factor gint for relevant II-VI semiconductors.
host gint
CdSe 1 to 1.4 [129, 130]
CdS −1 to −1.3 estimated from [131]
ZnSe 1.1 to 2.5 [22, 24]
often be neglected compared to the giant Zeeman splitting induced by the sp-d exchange
interactions [8, 9]. It is temperature independent [129], but changes slightly with the
crystal size [130, 131]. The intrinsic g-factors for several II-VI hosts relevant for this
thesis are listed in Table 2.3.
2.4.2 Orientation of a TM2+ Sublattice along a Magnetic Field
The magneto-optical functionalities of DMS materials scale with the overall magnetization
of the TM2+ spin sublattice. In order to minimize their energy, the magnetic moments
of the TM2+ dopants align along an (external) magnetic field, creating a net magnetic
moment. This is antagonized by the thermal energy. On the other hand, the TM2+ ions
exhibit so-called d-d spin-spin exchange interactions, which may influence their orientation
towards each other. Both influences have to be considered - depending on temperature
and dopant concentration - in order to describe the behavior of the TM2+ sublattice.
In the dilute limit below a concentration of 1%, the TM2+ ions can be regarded as
isolated magnetic moments and any interaction between neighboring TM2+ ions can be
neglected [88]. In this case, the magnetic moments behave like ideal paramagnets, tending
to align along the external magnetic field. This orienting force is opposed by the thermal
energy, which impedes the TM2+ spins from orienting in the direction of the external field.
Neglecting any anisotropies, the magnetization originated by their magnetic moments can
be described with the Brillouin function BS(ξ), giving respect to the fact that the magnetic
moments of a paramagnetic atom or ion in a lattice can only adopt quantized states defined
by ±S,±(S − 1), ..., which are occupied following a Boltzmann distribution.
BS(ξ) =
2S + 1
2S coth
(2S + 1
2S ξ
)
− 12S coth
( 1
2S ξ
)
(2.21)
with
ξ = gTMµBSB
kBT
(2.22)
Herein, gTM denotes the gyromagnetic factor (g-factor). The gTM of Mn2+ and Co2+ are
gMn = 2.0041 (2.0029, 2.0051) in CdSe (CdS, ZnSe) [12] and gCo = 2.3 (2.26) in CdSe
(CdS) [132]. µB represents the Bohr magneton, kB the Boltzmann constant and T the
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Figure 2.15: Temperature and magnetic field dependence of the Brillouin function. (a)
illustrates the decrease of the Brillouin function with temperature at different magnetic
fields, while (b) compares its increase with magnetic field at different temperatures.
Both depict the Brillouin function for Mn2+ ions with gMn = 2 and S = 52 . In (c),
the Brillouin function is compared to Equation 2.25 for Co2+ in CdSe (with S = 32 ,
gCo = 2.3 and D = 0.062meV) at 5K.
temperature.
Figure 2.15 depicts the temperature and magnetic field dependencies of the Brillouin
function. At zero magnetic field the magnetic moments are distributed isotropically can-
celling out each other, so that no net magnetization is present. With increasing magnetic
field the spins align along the predominant direction, while with increasing temperature
the thermal energy decreases the degree of orientation among the TM2+ sublattice. At
high magnetic fields and/or low temperatures, the magnetization saturates in case that
all TM2+ magnetic moments are aligned. The magnetization originating from the TM2+
spins can be described by:
M = N0xgTMµBSBS(ξ) (2.23)
The mean projection of the spin S along the direction of the magnetic field is given by:
⟨Sz⟩ = SBS(ξ) (2.24)
In the strict sense, the Brillouin function is only appropriate for systems with negligi-
ble anisotropy, i.e. DMS materials with zinc blende structure. In anisotropic systems like
wurtzite structured materials, the spin-orbit interaction together with the crystal field
may generate magnetic anisotropy causing a deviation from the Brillouin function. How-
ever, magnetic dopants with zero orbital momentum like Mn2+ do not exhibit spin-orbit
coupling, for which reason the magnetization of Mn2+ can be well described with the
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Brillouin function even in anisotropic systems. TM2+ dopants with orbital momentum
like Co2+ exhibit a zero field splitting D (favoring orientation along a predefined axis
even without external magnetic field) and an anisotropic g-factor. The correct analytic
expression describing the mean spin for a paramagnet with S = 32 in a magnetic field
parallel to the anisotropic axis is given in Equation 2.25 [8].
⟨Sz⟩ =
1
2 sinh
(
1
2
gTMµBB
kBT
)
+ 32e
−2 D
kBT sinh
(
3
2
gTMµBB
kBT
)
cosh
(
1
2
gTMµBB
kBT
)
+ e−2
D
kBT cosh
(
3
2
gTMµBB
kBT
) (2.25)
For Co2+ in CdSe these effects are rather small, as can be seen in Figure 2.15c. The
zero splitting 2D (D = 0.062meV for Co:CdSe [8]) does not exceed kBT even at low
temperatures, allowing application of the Brillouin function for Co2+ in wurtzite materials
[125–127, 132].
2.4.3 d-d Exchange Interaction between Magnetic Ions
Upon increase of the TM2+ content, the mean dopant-dopant distance in the DMS lattice
decreases, which gives rise to the impact of the so-called d-d exchange interactions between
the not completely filled 3d orbitals of neighboring TM2+ dopants. As these exchange
interactions decline rapidly through space, their impact is limited to nearest neighbors
(NN) and (quite weakly) next-nearest neighbors (NNN), apparent in so-called magnetic
clusters, which do not interact magnetically with other clusters. The exchange interactions
between two interacting spins #–S 1 and
#–
S 2 can be captured with a Heisenberg Hamiltonian
[8, 9]:
Hdd = −Jdd #–S 1 · #–S 2 (2.26)
Herein, Jdd denotes the exchange integral, indicating whether the coupling is ferromag-
netic (Jdd > 0) or antiferromagnetic (Jdd < 0).
The underlying mechanism of the exchange coupling described by Jdd can either be di-
rect through a spacial overlap between involved orbitals or indirectly mediated by orbitals
of a bridging atom between the two coupled spins. Exhibiting an elongated range com-
pared to the direct one, the indirect, so-called superexchange, has been shown to represent
the dominant exchange channel in most II-VI DMSs [133]. Due to the strong hybridiza-
tion between the TM2+ 3d orbitals and the valence band carried by the 3p or 4p orbitals
of the anions (S or Se, respectively), the TM2+ spins on neighboring cation lattice sites
couple antiferromagnetically, as the electrons in the bridging orbital of the non-magnetic
anion develop antiparallel order to the 3d electrons of both TM2+ according to the Pauli
principle. Corresponding to Larson et al. the antiferromagnetic superexchange accounts
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for roughly 95% of JddNN and JddNNN (the former exceeding the latter 5 to 10 times) [133].
Besides this, the TM2+ ions are also coupled via the Bloembergen-Rowland interaction,
which is partly carried by the conduction band states. Similarly to the Rudermann-Kittel-
Kasuya-Yosida interaction (RKKY) in metals, a spatial oscillating spin polarization of the
electrons around one TM2+ interacts with another TM2+ ion. Depending on the TM2+-
TM2+ distance this interaction can contribute positively or negatively to Jdd. For Mn2+
the Bloembergen-Rowland interaction is antiferromagnetic and contributes with ≈ 5%
to Jdd [61, 133].
Independent of the underlying mechanism, an antiferromagnetic coupling between
neighboring TM2+ ions lowers the overall magnetization of the dopant sublattice and
thus influences the magnitude of the observable sp-d exchange interactions. The influence
of the antiferromagnetically coupled TM2+ clusters can be successfully described by the
introduction of two empirical parameters Seﬀ and TAF to the Brillouin function [60]:
M = N0xgTMµBSeﬀBS
(
gTMµBSB
kB (T + TAF)
)
(2.27)
Herein, TAF denotes the antiferromagnetic temperature and Seﬀ the effective spin momen-
tum. Alternatively, Seﬀ can be expressed via an effective concentration xeﬀ :
xeﬀ
x
= Seﬀ
S
(2.28)
with
M = N0xeﬀgTMµBSBS
(
gTMµBSB
kB (T + TAF)
)
(2.29)
Although both parameters (TAF and xeﬀ) are empirical and do not own a physical
derivation, they exhibit an intuitive meaning [8]. The effective concentration xeﬀ accounts
for the fact that not all TM2+ ions embedded in the host lattice contribute to the magneti-
zation, as those coupled in antiferromagnetic pairs nullify each other. On the other hand,
the antiferromagnetic temperature TAF reflects the influence of further TM2+ dopants
on those dopants, which are not antiferromagnetically coupled with TM2+ ions on a NN
position. As this influence is quite small, TAF develops proportional to the overall concen-
tration xTM of embedded TM2+ ions [134].
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2.4.4 sp-d Exchange Interactions in Diluted Magnetic Semicon-
ductors
In this section the influence of a magnetic field on the band states of a DMS semiconduc-
tor mediated through the coupling between the dopants’ d-shell electrons and the charge
carriers of the s- or p- shell band states is discussed. Together, the sp-d exchange interac-
tions provide the basis for the observation of characteristic giant magneto-optical effects
of DMS materials, like the giant Zeeman splitting or the EMP formation.
In analogy to the d-d exchange, the s-d and p-d exchange can be described with a
Heisenberg Hamiltonian, summing up over all TM2+ spins interacting with an electron or
a hole:
Hs/p−d = −
∑
i
Js/p−d
(
#–r − #–Ri
)
#–s e/h · #–S i (2.30)
Here Js/p−d denotes the exchange integral for a TM2+ ion i placed at a lattice position
#–
Ri and the electron or hole, respectively, and #–s e/h and
#–
S represent the spin operators
of the charge carrier and the TM2+ dopant, respectively. The sign of Js/p−d denotes
whether a ferromagnetic or antiferromagnetic coupling between the charge carriers and
the dopant spins is energetically favorable. The contributions to the magnetic exchange
integral Js/p−d can be classified in two groups, the potential exchange Jpot and the indirect
kinetic exchange Jkin [88, 135].
Js/p−d = Jkine/h + Jpote/h (2.31)
The potential contribution refers to the Coulomb exchange between two charge carri-
ers described by the Pauli principle and decreases as r−1. It is always positive favor-
ing a ferromagnetic alignment and is usually distinctly smaller than the kinetic contri-
bution. The latter arises due to the hybridization of the 3d orbitals with the orbitals
of the conduction and valence bands allowing a transfer of the spin density, and can
be either positive or negative. If apparent, it usually dominates Js/p−d. In bulk, hy-
bridization of s- and d-orbitals is symmetry forbidden at the Γ-point, and therefore
the rather small, ferromagnetic potential contribution Jpot determines the conduction
band exchange integral Js−d [88]. Recently, this interaction has been described as be-
ing mediated by a kinetic s-s exchange between the conduction band and the spin
split 4s orbitals of the Mn2+ ions in Mn:CdSe [136]. As the TM2+ dopants are in-
corporated on the lattice sites of the cations (Cd or Zn), the TM2+ 3d orbitals ex-
hibit a hybridization with the p electrons of the anions providing the valence band.
This p-d hybridization results in a strong antiferromagnetic kinetic contribution Jkin to
Jp−d.
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Table 2.4: sp-d exchange coupling constants for various bulk DMS systems. [8]
Compound N0α [eV] N0β [eV]
Mn:CdSe 0.23 −1.27
Mn:CdS 0.22 −1.8
Mn:ZnSe 0.26 −1.31
Co:CdSe 0.28 −1.87
In a semiconductor, the charge carriers in the valence and conduction band states
are localized over a large amount of unit cells, so that a great number of TM2+ ions
interact with each charge carrier. This justifies application of the so-called mean field
approximation, where the vectorial TM2+ spins #–S are replaced by their thermally av-
eraged spin projection along a predefined axis ⟨Sz⟩. In addition, the virtual crystal
approximation allows substituting the random distribution of the TM2+ ions on the
cation lattice sites by the cation density N0 weighted with the probability to find a
TM2+ ion on a cation lattice site, which is usually given by the doping concentration
x. With these approximations the conduction and valence band Hamiltonians convert
into:
Hs−d = −N0αxsze ⟨Sz⟩
Hp−d = −N0βxszh ⟨Sz⟩
(2.32)
Here N0α and N0β represent the exchange coupling constants given by N0αN0 =
⟨S|Js−d|S⟩ and N0βN0 = ⟨X |Jp−d|X ⟩ [134]. S represents the s-like state of the con-
duction band, while the px, py and pz states of the valence band are described
by X , Y and Z. Relevant exchange coupling constants are given in Table 2.4.
Based on these representations, the subband Bloch functions of the conduction and
valence band can be parametrized with the following basis vectors, with ↑/↓ representing
the spin. The conduction band basis vectors are given by [9, 134]:
uke, 12
= S ↑ uke,− 12 = S ↓ (2.33)
The six fold degenerated valence band can be described with [9, 134]:
ukhh,mj= 32
= 1√
2
(X + iY) ↑ ukhh,mj=− 32 =
i√
2
(X − iY) ↓
uklh,mj= 12
= i√
6
[(X + iY) ↓ −2Z ↑] uklh,mj=− 12 =
1√
6
[(X − iY) ↑ +2Z ↓]
ukso,mj= 12
= 1√
3
[(X + iY) ↓ +Z ↑] ukso,mj=− 12 = −
i√
3
[(X − iY) ↑ −Z ↓]
(2.34)
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hh, lh
so
e
σ+
σ-
σ+
σ-
σ+
σ-
mJ = 1/2
mJ = -1/2
mJ = -3/2
mJ = -1/2
mJ = 1/2
mJ = 3/2
mJ = 1/2
mJ = -1/2
Figure 2.16: Band splittings in zinc blende DMS semiconductors. The red and green
arrows indicate the optically allowed σ+ and σ- transitions, respectively.
With this basis vectors, the Hamiltonians take the form of diagonalized matrices [9, 134].
Hs−d = 12x ⟨Sz⟩
N0α 00 −N0α

Hp−dhh, lh =
1
2x ⟨Sz⟩

N0β 0 0 0
0 N0β3 0 0
0 0 −N0β3 0
0 0 0 N0β

Hp−dso =
1
2x ⟨Sz⟩
−
N0β
3 0
0 N0β3

(2.35)
The resulting energy pattern in an external magnetic field generating a nonzero ⟨Sz⟩ is
depicted in Figure 2.16 for a ferromagnetic coupling between the 3d electrons and the
conduction band electrons and an antiferromagnetic coupling to the valence band (N0α >
0 and N0β < 0). The circularly polarized transitions, allowed according to the Bloch
function selection rules presented in Section 2.4.1 (compare Figure 2.14), are indicated.
While for the hh and lh the spin states with negative angular momentum projection are
higher in energy compared to their positive counterparts, this splitting is inverted for the
electron and the so.
The Zeeman splitting observed in DMS materials in general represents a superposi-
tion of the intrisic Zeeman term and the so-called giant Zeeman splitting originated by
the sp-d exchange interaction. The latter exceeds the intrinsic contribution by magni-
tudes even at low TM2+ concentrations. Based on the definition of the Zeeman splitting
(Equation 2.19), the giant Zeeman splittings of the excitonic transitions correspond-
ing to the three valence subbands exhibit different magnitudes as given in Equation
2.36.
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∆EZhh = x (N0β −N0α) ⟨Sz⟩
∆EZlh = x
(
N0β
3 +N0α
)
⟨Sz⟩
∆EZso = x
(
−N0β3 +N0α
)
⟨Sz⟩
(2.36)
While for the hh-X (so-X) transition, both exchange integrals tend to a negative (positive)
giant Zeeman splitting (considering the signs of N0α and N0β), for the lh-X transition, the
electron and hole contributions partly counterbalance each other, resulting in a small neg-
ative Zeeman splitting. In zinc blende structured, bulk DMS materials, the hh-X and lh-X
transitions are both known to exhibit a negative giant Zeeman splitting [137–139], while
the so-X transition exhibits a positive ∆EZ [9, 140]. At elevated TM2+ concentrations,
⟨Sz⟩ has to be described with the modified Brillouin function including the replacement
of x by xeﬀ .
With increasing magnetic field the giant Zeeman splitting follows the Brillouin func-
tion, exhibiting saturation at high magnetic fields and/or low temperatures. In the low
field limit the splitting can be described with an effective g-factor geﬀ :
∆EZ = geﬀµBB with geﬀ = gsp−d + gint (2.37)
Modification of the sp-d Exchange Splitting in Quantum Confined Systems
In analogy to the electronic structure, the magneto-optical properties, i.e. the sp-d ex-
change interaction, is altered in a quantum confined system. On the one hand the con-
finement of the charge carriers in one or more dimensions introduces new or additional
anisotropic axes, which may influence the coupling of the charge carrier spins to the mag-
netic moments of the dopants [141, 142]. On the other hand the quantization of the wave
vector k directly determines the ion-carrier interaction, which may lead to a modification
of the exchange coupling constants N0α and N0β [136, 143, 144].
In zero dimensional colloidal QDs of medium size (i.e. aQD > aB2 ), the magnitude
and sign of the giant Zeeman splitting for the 1S3/21Se band edge transition, exhibiting
a hole with angular momentum Nh = 32 , can be well described approximating a hh-X
bulk transition [11, 30, 127]. In case of a reduced carrier dopant overlap due to either
an extension of the wave functions beyond the doped volume or a synthesis dependent
non-uniform dopant distribution, a scaling factor is introduced - either an excitonic one,
γ, or two separate values γe/h for the electron and hole dopant overlap [11, 24, 80, 145]:
∆EZ1S3/21Se = xeﬀ (γhN0β − γeN0α) ⟨Sz⟩ ≈ xeﬀγ (N0β −N0α) ⟨Sz⟩ (2.38)
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For strongly confined QDs a reduction of the observed giant Zeeman splitting is predicted
due to (i) an increasing hh/lh mixing for the 1S3/21Se transition [143] and (ii) a reduction
of the exchange coupling constants due to additional kinetic contributions arising from
the quantized k values [8, 143, 146]. However, more recent DFT calculations suggest that
the bulk approximation is valid even for QDs with 2aQD ≈ 1.5 nm [136]. In wurtzite
structured QDs, the uniaxial anisotropy may reduce the average giant Zeeman splitting
of a QD ensemble, as it introduces a preferred axis, which is randomly distributed with
respect to the magnetic field direction and represents a competitive projection axis for
the valence band total angular momentum Nh.
Figure 2.17: Energy levels of the conduction and valence band in a DMS with uniaxial
pertubation. Solid lines represent the case of #–B ∥ #–q , while dashed lines visualize #–B ⊥ #–q .
The subbands are labeled with (j, mj) given in parenthesis. Note that mj is not a good
quantum number for #–B ⊥ #–q . From [147], calculated for wurtzite structured Mn:CdSe.
In two dimensional quantum wells, the quantization axis represents a similar predom-
inant direction in the lattice, on which the hole total angular momentum J may be pro-
jected [141, 142]. Note that any uniaxial perturbation like the wurtzite lattice ansiotropy
[147, 148] or strain [149], which partly lifts the valence band degeneracy introducing a
splitting of the hh and lh subbands, in principle has the same impact on the DMS energy
states in a magnetic field [141, 142]. Figure 2.17 depicts the field dependent conduction
and valence band states in a magnetic field parallel ( #–B ∥ #–q , solid lines) and perpendicular
( #–B ⊥ #–q , dashed lines) to an anisotropic axis [147]. For #–B ∥ #–q , both preferred directions
are parallel and the hh-X giant Zeeman splitting equals the bulk Equation 2.36 [142, 147,
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148]. However, the zero-field hh-lh splitting together with the magnetic interaction mixes
the mj = 12 states (lh and so), which introduces an asymmetric reduction in the corre-
sponding lh and so subband Zeeman effect (compare Figure 2.17, solid lines). Both the lh
as well as the so band splittings are smaller compared to their zinc blende counterparts.
While this only slightly reduces the so-X excitonic Zeeman splitting, the lh-X splitting
may invert in sign, in case the positive conduction band contribution N0α becomes dom-
inant (compare Equation 2.36). An opposite splitting for the hh-X and lh-X has been
observed in strained [149] or wurtzite structured [148] bulk DMS and in quantum con-
fined two-dimensional colloidal nanoribbons [37]. For #–B ⊥ #–q , the two predominant axes,
i.e. the quantization axis and the direction of the magnetic field, are competitive leading
to the represented complex energy pattern.
2.4.5 Excitonic Magnetic Polarons
The sp-d exchange interactions between the charge carriers and localized magnetic dopants
in DMS can lead to the formation of a so-called excitonic magnetic polaron (EMP). Here,
the magnetic coupling causes a ferromagnetic alignment of the localized spins in the
vicinity of an optically excited charge carrier or an exciton (electron-hole pair). This
results in a cloud of polarized spins, which exhibit a net magnetization within the volume
of the exciton.
EMP
formation
Figure 2.18: Process of excitonic magnetic polaron formation. The spins of the TM2+
dopants and the predominant direction provided by the exciton are shown as big and
small arrows, respectively, for the initial state after the exciton excitation (left) and
the final state of magnetic saturation (right).
Figure 2.18 depicts the initial and final state of the polaron formation. After excitation
of an electron-hole pair, its energy relaxation to the bottom and top of the conduction
and valence band, respectively, and the exciton formation, it is assumed that the exciton
adjusts its spin to the direction of the initial mean magnetization, determined by the
randomly fluctuating TM2+ spins [8, 80]. During the polaron formation time τEMP, the
TM2+ spins within the exciton volume align with the exciton spin, which generates an
increasing magnetic moment and the so-called polaron energy EEMP. If the exciton lifetime
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Figure 2.19: Energy diagram of the EMP formation in a colloidal DMS QD. (a)
depicts a single-coordinate diagram with ⟨Sz⟩ projected along the polaron axis. (b)
represents a multidimensional energy diagram including anisotropic effects wrapping
the potential energy surface. Both from [80].
τexc exceeds the polaron formation time (usually in the order of 100 ps to 200 ps [8, 23,
80]), the EMP reaches saturation in case of low temperatures with all TM2+ spins aligned
parallel to each other, or an equilibrium state balanced by the thermal energy at elevated
temperatures. Otherwise this process is interrupted by the exciton recombination.
The driving force behind the polaron formation is the magnetic exchange coupling
between the exciton and the dopants. It can be expressed by means of a magnetic exchange
field Blocexc( #–r ) proportional to the local carrier density at the dopant lattice sites. As the
hole exchange coupling exceeds the electron contribution by a factor of 4 to 6, Bexc is
often assumed to originate exclusively from the valence band exchange coupling [150].
Blocexc( #–r ) =
N0β
2gTMµBN0
|ψh ( #–r ) |2 (2.39)
The inhomogeneous Blocexc( #–r ) is replaced by a homogeneous Bexc inside the exciton or hole
localization volume Vex:
Bexc =
|N0β|
2gTMµBN0
1
Vex
(2.40)
Scaling with the inverse wave function volume, Bexc is strongly enhanced in colloidal
DMS QDs [80, 84], where EMP formation has been observed up to room temperature
[23]. In Figure 2.19a the influence of the EMP formation on the exciton energy in DMS
QDs is illustrated. In the stationary equilibrium the exciton energy is reduced by the
polaron energy EEMP, matching half the giant Zeeman splitting originated by an external
magnetic field of strength Bexc.
EEMP =
1
2x (N0β −N0α)SBS
(
gTMµBSBexc
kBT
)
(2.41)
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The maximal polaron energy EsatEMP in case that all Mn2+ spins are aligned parallel to the
magnetic exchange field is given by:
EsatEMP =
1
2x (N0β −N0α)S (2.42)
In colloidal QDs exhibiting a predominant axis either through a wurtzite structure or
shape anisotropy, a certain orientation of the polaron within the QD is energetically favor-
able (compare Figure 2.19b). Evoking a slow reorientation process towards the preferred
direction, this causes an additional redshift of the emission energy with a time constant
of several ns [23, 80]. In colloidal DMS QDs the polaron energy as well as the magnetic
Figure 2.20: Anomalous temperature dependence in emission due to EMP formation.
(a) depicts the temperature dependence of the PL emission energy for Mn:CdSe QDs.
In (b) the extracted polaron energy EEMP is depicted. Both from [80]
exchange field can be extracted by means of PL characterization. Besides the transient
redshift of the emission energy during the polaron formation time τEMP in time-resolved
PL [23, 82], the time-integrated PL exhibits a complex temperature dependence in case of
polaron formation. As in colloidal QDs the excitonic lifetime τexc typically exceeds τEMP
by orders of magnitude, the time-integrated PL monitors the EMP energy in the station-
ary equilibrium. At cryogenic temperatures the excitonic emission of the 1S3/21Se band
edge transition is lowered by the polaron energy EEMP. With increasing temperature the
thermal energy impedes polaron formation and EEMP decreases corresponding to Equa-
tion 2.41, which induces a shift of the emission towards higher energies with increasing
T . This energy shift exhibits the opposite sign as the commonly observed decrease of the
bandgap described by Varshni’s equation (compare Section 2.1.3), and is thus referred
to as an anomalous temperature dependence - representing a characteristic fingerprint
for EMP formation. At elevated temperatures EEMP becomes negligible and the emission
energy follows the temperature dependent decrease of the bandgap, exhibiting the com-
monly observed redshift. Figure 2.20 depicts an anomalous temperature dependence in
the emission energy of colloidal Mn:CdSe QDs evidencing EMP formation [80]. EEMP(T)
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can be extracted as the temperature dependent Stokes shift (compare Figure 2.20), i.e. the
difference between emission and absorption (reduced by a temperature independent shift
of about 30meV to 40meV [23, 80]). Fitting EEMP(T ) to Equation 2.41 allows extraction
of the magnetic exchange field Bexc and the saturation polaron energy EsatEMP.
Chapter 3
Materials and Methods
This chapter presents the preparation and further processing of the DMS nanostructures,
as well as the applied characterization techniques and setups used during this thesis. Fol-
lowing a short description of the different nanoparticle synthesis methods, the sample
processing for optical characterization as well as the preparation of QD light emitting
diodes (LEDs) is described Subsequently, the different characterization methods are pre-
sented.
3.1 Nanocrystal Synthesis
Within this thesis, three different types of DMS nanocrystals are utilized: Mn2+- and Co2+-
doped magic sized clusters (MCSs), magnetically doped giant shell QDs and shell-doped
colloidal nanoplatelets (NPs). All sample synthesis has been conducted by international
partners, and thus the different synthesis routes will only be briefly discussed below.
3.1.1 Diffusion Doped Mn:CdSe/CdS Core/Shell Quantum Dots
For the preparation of DMS QD devices, magnetically doped giant shell QDs with a doped
Mn:CdSe core and an undoped CdS shell are used. CdSe/CdS giant shell structures are
known to exhibit excellent photoluminescence (PL) quantum yields [151–153], which can
distinctly improve the performance of QD based LEDs [154, 155]. Mn:CdSe/CdS particles
synthesis as well as their characterization with transmission electron microscope (TEM)
have been conducted by Dr. Charles Barrows at the Group of Prof. Daniel Gamelin at
the University of Washington in Seattle, USA. Undoped reference particles were prepared
by Christian Erickson in the same group
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Although undoped CdSe colloidal QDs represent the most thoroughly studied and best
understood material system throughout the maturation of nanocrystal science, magnetic
doping of this material appeared challenging in the beginning, with doping concentra-
tions in QDs far behind the dopant content in the growth solution [11, 12, 50, 51]. Hot
injection approaches to form Mn:CdSe QDs suffer from the fact that (i) due to the excess
enthalpy of mixing no dopants are embedded in the central QDs cores and (ii) incor-
poration of impurities during the QD growth is very inefficient. The former prohibits
doping in QDs with diameters below 2 nm via hot injection approaches [50]. In contrast
to this, diffusion doping of predefined CdSe cores has been shown to achieve a homoge-
neous dopant distribution within the nanocrystal volume [30, 156]. Here, stochiometric
addition of both, Mn2+ cations and Se2- anions to the surface of undoped CdSe cores
is followed by subsequent diffusion of the dopants into the QD volume towards a ther-
modynamically favored randomization at relatively high temperatures (300 ◦C). Oswald
rippening, i.e. mass transfer from smaller to larger nanocrystals, which usually appears
at those temperatures destroying the QDs size distribution, is successfully suppressed by
high Mn2+ and Se2- concentrations limiting the Cd2+ diffusion length in the solution. The
diffusion doping synthesis yields homogeneously doped QDs with slightly increased sizes
compared to the initially undoped CdSe QDs.
Figure 3.1: Colloidal DMS core/shell QDs. (a) TEM image and size histogram of
magnetically doped Mn:CdSe/CdS giant shell QDs [157]. (b) depicts a photograph of
the undoped reference CdSe/CdS QDs.
The Mn2+-doped CdSe cores of the giant shell particles used in this thesis are based
on undoped CdSe QDs prepared via the hot injection method described in [158] and
capped with oleate. For diffusion doping, the QDs are dried and mixed with selenium
powder and tributylphosphine (TBP) in octadecen under nitrogen atmosphere Separately,
hexadecylamine and stearic acid are heated in octadecen to 100 ◦C for 30min and then
manganese acetate is added. After degassing, the mixture is heated to 300 ◦C and the
QDs/Se mixture is added. After several hours at 300 ◦C, the solution is cooled down with
3.1 Nanocrystal Synthesis 45
a toluene injection at≈ 120 ◦C to prevent stearic acid from solidification. The magnetically
doped cores are cleaned via precipitation with ethanol and redispersed in toluene.
For the CdS shell growth [159], the as prepared cores are mixed with oleylamine and
octadecen and then degassed for 1 h at room temperature and 5min at 100 ◦C. While
the temperature is raised to 310 ◦C, at 200 ◦C two solutions with cadmium oleate and
octanthiol, both in octadecen, are injected. During the growth process oleic acid is added.
After precipitation with acetone, the final particles are redispersed in hexanol.
Figure 7.2a depicts a TEM image of the magnetically doped Mn:CdSe/CdS QDs to-
gether with a size histogram. The core/shell QDs exhibit a diameter of 13.7± 1.2 nm,
including 13ML of CdS shell. Based on a CdS lattice constant of 0.582 nm [35], the core
can be estimated to have a diameter of ≈ 6 nm. For reference purposes, undoped QDs with
similar core and shell thicknesses (4 nm CdSe core and 4.5 nm CdS shell) are prepared, as
depicted in Figure 3.1b.
3.1.2 Colloidal Synthesis of Undoped and Transition Metal
Doped (II-VI)13 Clusters
A part of this thesis discusses the impact of strong quantization on the optical and
magneto-optical properties of undoped as well as doped MSCs consisting of 26 atoms.
The MSCs can be classified as II-VI semiconductors composed of 13 Se and 13 Cd atoms,
the latter being substituted partly by Zn in case of alloy clusters or by Mn2+ or Co2+ in
case of magnetic doping. The particle synthesis was conducted by Dr. Jiwoong Yang in
the group of Prof. Taeghwan Hyeon at the Seoul National University in Seoul, Korea.
Frequently observed during the synthesis of large 2D nanostructures, MSCs are re-
garded as important prenucleation intermediates in the colloidal synthesis [56–59]. Follow-
ing the first evidence of (CdSe)13, (CdSe)19, (CdSe)33 and (CdSe)34 via mass spectrometry
in a solution derived synthetic mixture [52], the synthesis of batches with single-sized
MSCs has raised increasing attention. In general, single-sized MSCs can be achieved in
a Lewis acid-based reaction between CdX2, with X being either halide (clorine (Cl))
or acetate (CH3COO)), and a Se precursor (either selenocarbamate or selenourea) in
a primary-amine solution (oleylamine, octylamine, propylamine or pentylamine) [31, 56,
160]. In this process the CdX2 in combination with the amines forms a laminar mesophase
consisting of CdX2 layers separated by amine bilayers [160, 161]. On addition of the se-
lenium precursor at low temperatures (0 ◦C to 25 ◦C), (CdSe)13 clusters grow within the
primary-amine templates [29, 54, 160]. During the synthesis, metastable (CdSe)34 clusters
(as well as (CdSe)19 and (CdSe)33 in some cases) are formed, which convert exclusively
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into (CdSe)13 in a few hours up to a few weeks, dependent on the amine solvent [58].
Sonication enhanced by ligand exchange breaks the lamelar bilayer templates achieving
isolated MSCs surrounded by amines with one ligand bound to each Cd atom [111].
At elevated temperatures (>40 ◦C) the (CdSe)13 and (CdSe)34 clusters embedded in the
lamelar amine bilayer templates coalescence and convert into 2D wurtzite structures like
nanoribbons or NPs [29, 58, 59, 162].
The MSCs used in this work are consistently synthesized with the usage of a stan-
dard Schlenk technique providing an argon (Ar) atmosphere. For the synthesis of un-
doped (CdSe)13, CdCl2 in octylamine is heated to 120 ◦C for 2 h to achieve the lamelar
CdCl2(octylamine)2 complex. Octylammonium selenocarbamate representing the Se pre-
cursor is prepared by bubbling carbon monoxide gas into a mixture of Se powder and
octylamine for 1 h at room temperature. After injecting the octylamonium selenocarba-
mate solution into the metal precursor at room temperature, the complete conversion
into (CdSe)13 clusters is achieved within 40 h. In order to remove excess elemental Se,
trioctylphosphine (TOP) in ethanol is added followed by additional washing steps in
pure ethanol to purify the [(CdSe)13 (octylamine)13] products. Due to the short-chained
octylamine ligands, as prepared (CdSe)13 MSCs are aggregated in 2D bilayer complexes
causing light scattering in transmission based optical characterization techniques (ab-
sorption and MCD). Thus, the clusters are surface modified substituting octylamine with
longer-chained oleylamine by mixing as synthesized clusters with excess oleylamine and
subsequent ultrasonic treatment for 2 h. After precipitating and washing with ethanol,
the clusters are redispersed in chloroform.
In order to achieve magnetic doping the CdCl2 precursor is combined with MnCl2 (or
CoCl2 in case of Co2+-doping) prior to the formation of metal amine complexes. Further
reaction steps including purification and ligand exchange did not differ from the synthesis
of undoped (CdSe)13. The final doping concentration can be precisely adjusted by the
initial amount of MnCl2 between 0% and 10%, even though the final concentration of
Mn2+ ions in the (CdSe)13 does not fully achieve the initial concentration [31]. LDI-TOF
MS on Mn:(CdSe)13 revealed that during the synthesis undoped as well as doped clusters
containing one or two Mn ions are formed (denominated as mono- and bidoped species).
Evidence of clusters containing three or even more dopants has not been found [31].
To obtain alloy clusters, the CdCl2 precursor is mixed with ZnCl2 initially [59]. In
contrast to (CdSe)13 clusters, alloy and (ZnSe)13 clusters are not stable with an oleylamine
passivation and the ligand exchange is omitted here. For alloy clusters the initial Cd/Zn
ratio directly corresponds to the final concentrations in the reaction product. In order to
achieve magnetic doping, MnCd2 is admixed to the CdCl2/ZnCl2 precursor mixture.
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Figure 3.2: Colloidal DMS clusters. Photograph of Co:(CdSe)13 (left), undoped
(ZnSe)13 (center) and Mn:(CdSe)13 (right) dispersions in a mixture of oleylamine and
chloroform.
A photograph of as prepared MSC samples of different compositions in dispersion
is shown in Figure 3.2. Due to the cluster agglomeration in 2D bilayer complexes the
dispersions exhibit strong scattering, which causes a mainly white color of the dispersions.
3.1.3 Synthesis of CdSe/Mn:CdS Nanoplatelets via Colloidal
Atomic Layer Deposition
Besides zero-dimensional DMS materials, the magneto-optical properties as well as the
electronic structure of Mn2+-doped multi-shell NPs are studied within this thesis. In
contrast to the MSCs or colloidal core/shell QDs, two-dimensional NPs exhibit highly
anisotropic shapes with thicknesses of a few MLs compared to lateral dimensions of a
few up to several tens of nm, usually larger than the exciton Bohr radius. The NPs
characterized in this thesis have been synthesized by Dr. Savas Delikanli in the groups
of Prof. Volkan Demir at the Bilkent University in Ankara, Turkey, and the Nanyang
Technological University in Singapore.
As mentioned above, anisotropic two-dimensional colloidal nanostructures can be ob-
Figure 3.3: Colloidal NPs from Set I: The samples are based on a 2 or 3ML thick
CdSe core surrounded by a 6 or 8ML Mn:CdS shell (3 or 4ML on each side). The
photographs show (2) CdSe/ (6) Mn:CdS (orange box), (2) CdSe/(8) Mn:CdS (blue
box) and (3) CdSe/(8) Mn:CdS (green box) NPs in N-methylformamide (NMF).
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tained from MSCs (either (CdSe)13 [29, 58, 59] or (CdSe)34 [162]) embedded in the
lamellar amine-bilayer mesophase by annealing at moderate temperatures. This so-called
templated-growth synthesis yields wurtzite structured nanoribbons or quantum wells,
whose thicknesses are dictated by the MSC size. In contrast to that, the thicknesses of
zinc blende structured NPs can be controlled on the atomic scale between 2 to 5 ML for
CdSe [43]. Here an anisotropic growth of the NP seeds, which determines the final thick-
ness, is evoked by hindering the growth for specific crystallographic directions through
modification of the growth kinetics by passivation with organic ligands [43]. In a typical
synthesis protocol, a long-chained Cd(carboxylate)2 precursor together with Se powder is
heated in a non-coordinating solvent like octadecen. At temperatures between 180 ◦C to
240 ◦C, the addition of a short-chained Cd(caboxylate)2 salt (acetate or propionate) to
the preformed, isotropic nanocrystal seeds evokes an anisotropic lateral expansion forming
the NPs. To obtain thin NPs (2ML to 3ML), the initial step allowing growth of the seed
crystals may be omitted [163].
For the samples used in this thesis, the undoped CdSe core platelets with 2ML thick-
ness are obtained based on a mixture of cadmium acetate and oleic acid in octadecen. After
degassing for 1 h, the mixture is heated under nitrogen to 120 ◦C and a TOP-selenium
solution is added. The synthesis is finished after 6 h. Addition of ethanol allowed precip-
itation of the NP to remove synthetic by-products, followed by redispersion in hexanol.
For the NPs with 3ML core thickness, the initial mixture included selenium dissolved in
octadecen as an additional component. This mixture is degassed for 1 h and heated to
240 ◦C for 3min. After quickly cooling to room temperature, the NPs are precipitated by
the addition of ethanol and redispersed in hexanol.
From spherical QDs it is known that an inorganic shell can be used to increase the
PL quantum efficiency by confining the charge carrier wave functions in the core and
minimizing the overlap with surface defects [16, 164]. Besides this, combination of different
Figure 3.4: Colloidal NPs from Set II: The samples are based on a 2ML thick CdSe
core surrounded by a 2ML MnS interlayer and a 6, 8 or 10ML Mn:CdS shell. The
photographs show (2) CdSe/ (2) MnS/(6) Mn:CdS, (2) CdSe/ (2) MnS/(8) Mn:CdS
and (2) CdSe/(2) MnS/(10) Mn:CdS NPs in NMF (from left to right).
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materials in core/shell structured hetero-NPs allows for the manipulation of the electron
and hole wave functions and their overlap with the core and shell, respectively [43, 44].
As NPs are not very stable against high-temperature processes, shell growth is more
challenging here compared to the case of spherical QDs. An elegant way to add a shell
of well defined thickness and composition to predefined core platelets is the so-called
colloidal atomic layer deposition (c-ALD) technique [45]. The outer Cd facets are initially
passivated by oleate chains, which are removed upon transfer to a polar solvent. Through
a complete exchange of the precursor solution, the NPs’ cores are subsequently covered
by anionic and cationic layers. By adding a manganese acetate complex to the cationic
precursor, magnetic dopants can be incorporated into the shell [32].
For this thesis, core/shell and core/interlayer/shell NPs are synthesized with shells
made of Mn:CdS (pure MnS). For the deposition of those layers, the CdSe NPs are cleaned
three times with ethanol to avoid reaction of remaining precursors from the core synthesis.
The CdSe NPs in hexane are added to ammonium sulphide in N-methylformamide (NMF)
to obtain a first sulphide layer. After 3 to 5 min, the NPs are cleaned with a mixture of
acetonitrile and toluene and redispersed in NMF. Cleaning is repeated for three times.
After the last washing step, they are dispersed in NMF containing a mixture of cadmium
and manganese acetate for 30min to form a cationic layer. Subsequently the NPs are
cleaned with acetonitril and redispersed in NMF three times. The steps described above
are repeated to obtain the desired thicknesses. Pure MnS interlayers are obtained using
pure manganese acetate instead of a mixture with cadmium acetate.
Two different sets of samples are used. In sample set I, the cores consist of either 2 or
3ML CdSe, surrounded by 6 or 8ML (three or four on each side) Mn:CdS. The samples
of set II are based on a 2ML CdSe core, surrounded with a 2ML MnS interlayer (one
on each side) and a Mn:CdS shell of 6 to 10ML thickness (3 to 5ML on each side). The
Mn2+ concentration in all Mn:CdS layers accounts for 1.2%, as determined via inductively
coupled plasma mass spectrometry. A list of all doped samples can be found in Table 3.1
(undoped references are not listed).
Table 3.1: Magnetically doped NPs used in this study.
Sample Composition
CdSe core MnS interlayer Mn:CdS
(2) CdSe/(8) Mn:CdS 2 ML − 2× 4 ML
set I (2) CdSe/(6) Mn:CdS 2 ML − 2× 3 ML
(3) CdSe/(8) Mn:CdS 3 ML − 2× 4 ML
(2) CdSe/(2) MnS/(6) Mn:CdS 2 ML 2× 1 ML 2× 3 ML
set II (2) CdSe/(2) MnS/(8) Mn:CdS 2 ML 2× 1 ML 2× 4 ML
(2) CdSe/(2) MnS/(10) Mn:CdS 2 ML 2× 1 ML 2× 5 ML
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3.2 Sample Preparation
As the as-prepared colloidal nanostructures are dispersed in volatile solvents, further
processing is necessary prior to the different characterization techniques. While for optical
and magneto-optical characterization the nanostructures are usually transferred onto a
solid substrate as a thin layer, the DMS QDs are embedded as active material in a solid
state device allowing generation of electroluminescence (EL).
3.2.1 Thin Film Sample Preparation for Optical and Magneto-
Optical Characterization
Even though transmission based measurements on dispersions often exhibit optimized
signal-to-noise ratios due to reduced agglomeration, sample preparation into a solid layer
is required for measurements at cryogenic temperatures inside a cryostat, where the sam-
ple is thermally isolated by a vacuum. For other characterization techniques like PL or
photoluminescence excitation (PLE) spectroscopy, a higher signal is expected in case the
nanostructures are more concentrated. Those require the preparation of the colloidal DMS
materials as a thin layer on an optically inactive substrate like quartz glass or silicon.
Figure 3.5: Cold finger of the ST-300 cryostat from Janis with sample holder.
In order to investigate either the absorption or the magneto-optical response via MCD,
the sample, usually dispersed in a volatile solvent with the usage of stabilizing organic
ligands, has to be transferred into a transparent thin film layer suitable for transmission
measurements. All samples investigated during this thesis are prepared on 5mm× 5mm
quarz glass substrates polished on both sides. They fit into a sample holder, which can
be screwed on the cold finger of the cryostate (compare Figure 3.5). The specific sample
preparation varies between different samples depending on the solvent, the nanoparticle
concentration in the dispersion and the type and amount of organic ligands. In purpose to
achieve clear MCD and absorption signals, it is important to minimize particle agglomer-
ation, as bigger agglomerates cause light scattering superimposing the absorption signal.
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Figure 3.6: Preparation of transparent thin films between a quartz glass sandwich.
On the other hand the amount of sample (layer thickness), or the optical density caused
by the sample, respectively, has to be adjusted so that enough light is transmitted to the
photomultiplier, while reasonable high absorption and MCD values are generated in order
to achieve a good signal-to-noise-ratio.
Magnetically Doped Magic Sized Cluster
MSCs are usually dispersed in a mixture of chloroform and oleylamine (or octylamine in
case of the alloy MSC), which serves as both solvent as well as stabilizing ligands. As
the melting point of oleylamine is little below room temperature, excess oleylamine in
the dispersion tends to form a whitish precipitation causing extensive scattering when
dried under air, which can be avoided by placing the dispersion between two quartz
glass substrates, as has been shown in preliminary studies [165]. For this purpose, usually
≈ 10µL to 15µL of MSCs dispersed in a mixture of chloroform and oleylamine with
a oleylamine:chloroform ratio of about 1:3 to 1:6 are dropcasted onto one quarz glass
substrate. The solution is let dried for ≈ 1min to 3min, and then covered with a second
quarz glass substrate (compare Figure 3.6), which causes a leakage of excess dispersion
from this so-called sandwich. The amount of nanocrystals remaining between the quarz
glass substrates and thus the thickness of the prepared nanocrystal layer is determined
by both the MSC concentration in the dispersion as well as the contact pressure onto the
second substrate applied during the preparation. The sandwich samples are let dried for
at least 20 min before transferring them to the sample holder. For Mn2+-doped alloy and
(ZnSe)13 MSCs passivated with octylamine, the thin film preparation needs to be adjusted.
The shorter-chained ligand exhibits a lower melting temperature compared to oleylamine
(−1 ◦C compared to 18 ◦C to 26 ◦C [166]) and tends to crystallize even if prepared between
two quartz glass substrates. This crystallization, which causes light scattering and impedes
any MCD measurement at cryogenic temperatures, can be avoided by adding a small
amount of oleylamine to the dispersion just prior to sample preparation.
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Shell-Doped Colloidal Nanoplatelets
Exhibiting a highly anisotropic shape, the NPs are known to possess strong tendencies for
agglomeration or stacking [167–169]. In order to enable thin film formation on the quarz
glass without stacking, (i) the solvent is changed from NMF exhibiting a high evaporation
point of about 200 ◦C [166] to chloroform (evaporation temperature 61 ◦C [166]) to reduce
the solvent evaporation time, and (ii) the NPs are passivated with additional excess oley-
lamine as ligands. The NPs are separated from NMF by centrifugation and decantation
(compare Figure 3.7), and redispersed in a 10:1 mixture of chloroform and oleylamine.
To ensure a homogeneous inter-mixture the solution is treated with ultrasonification for
5 to 10 min. The following preparation between a quartz glass sandwich is similiar to the
procedure for MSCs.
Figure 3.7: Isolated colloidal NPs after centrifugation and decantation.
For characterization methods relying on emission like PL or PLE spectroscopy, the
layer morphology of the nanocrystals is not as decisive as for absorption or MCD. In
order to avoid background luminescence from the cold finger, the nanocrystals are usu-
ally transferred onto a non-transparent substrate like silicon (or silicon covered with
silicon oxide) via drop-casting and evaporation of the solvent. The substrate is af-
fixed to the cryostat cold finger either with a transparent removable glue (Fixogum
von Marabu) or with conductive silver paint. In case of the MSCs the high con-
tent of oleylamine in the dispersion, which crystallizes on an uncovered substrate,
occasionally causes scattering of the exciting laser and can thus impede PL mea-
surements. This is avoided either by dilution of the dispersion with chloroform re-
ducing the amount of oleylamine on the substrate, or by covering the silicon sub-
strate with a transparent quartz glass plate. The latter is applied for PLE measure-
ments, as they are conducted in the same cryostat as used for MCD (compare Figure
3.5).
3.2 Sample Preparation 53
3.2.2 Preparation of Light Emitting Devices Based on Colloidal
Quantum Dots
The design of the colloidal QD device for temperature dependent EL measurements is
inspired by state-of-the-art QD-LEDs [170–172] and includes a hole-injection and a hole
transport-layer, but lacks an electron transport layer like ZnO for the sake of convenience.
The device is based on a 1 cm× 1 cm glass substrate covered with an indium tin oxide
(ITO) layer. This transparent anode allows light emission during the operation. The sub-
strate is treated with a standard cleaning process to prepare the surface: After 2min boil-
ing and ultrasonification in both acetone and ethanol, consecutively, the substrate is rinsed
with isopropanol and treated with an oxygen plasma for about 10min. The substrate
is covered with poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)
(Sigma Aldrich, 0.8% in H2O conductive inkjet, filtered through a 0.45µm polypropylene
filter) as hole injection layer via spin coating at 2000 rpm for 60 s and annealed for 20min
at 150 ◦C. Subsequently, poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)-benzidine] (poly-
TPD) (Plasmachem) as hole transport layer is spin coated on top (2000 rpm for 30 s) and
let dried under atmosphere for ≈ 1 h.
Figure 3.8: Preparation of the EMP device. (a) depicts a scanning electron microscope
(SEM) image of the QD layer treated with 1,2-ethanedithiol (EDT). In (b) an as
prepared device is shown. The organic layers as well as the QD are removed along
two edges of the substrate and replaced by a layer of conductive silver to ensure good
electric contact to the ITO.
During the temperature dependent EL measurements, the QD device experiences high
thermal stress and extensive operation times. In order to increase the robustness and sta-
bility of the active layer, the QDs are treated with the cross linker EDT [173]. This
short-chained ligand with active groups at both ends is able to link the QDs, forming a
dense layer. The active layer is prepared by sequential spin coating. Following the appli-
cation of the Mn:CdSe/CdS QDs in hexane, the EDT solution (Sigma-Aldrich, 0.1mol l−1
in acetonitrile) is dropcasted on top and left there for 30 s prior to spin-coating to allow
the ligand exchange happen. Pure acetonitrile and pure hexane are consecutively spin
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coated to remove excess free-standing EDT and the ligand exchanged organic molecules.
All spin coating is done for 60 s at 2000 rpm. As the increase of the layer density during
the cross-linking process is known to create cracks in the layer [173], the spin coating se-
quence described above is repeated three times to achieve a closed layer (compare Figure
3.8a).
Figure 3.9: Shadow mask and sample holder for the high vacuum coating plant.
Finally 200 nm of silver is evaporated (Oerlikon Univex 350) to form the top electrode
on top of the layer assembly through a shadow mask. The shadow mask (compare Figure
3.9) is embedded in a self-made sample holder allowing for the processing of six QD devices
with four 2mm× 3mm contact pads on each substrate. An as prepared QD devices is
depicted in Figure 3.8b.
3.3 Basic Non-Magnetic Optical Characterization
Within this thesis, various characterization methods are applied to investigate the op-
tical and magneto-optical functionalities of the DMS nanostructures. The basic optical
methods, which do not make use of an externally applied magnetic field and provide an
insight into the electronic structure of the materials, are described below. While absorp-
tion and PLE measurements are conducted with commercially available systems, the PL
measurements used here are collected with two different, home-build setups. Note that a
few absorption spectra are obtained with the MCD setup, compare Section 3.4.2.
3.3.1 Absorption Spectroscopy
Absorption spectroscopy allows an excellent insight into the electronic structure of a
material, as all possible optical transitions can be observed according to their oscillator
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strength, including excited state transitions. The absorption spectra, which are not de-
tected with the MCD setup, are obtained with an UV-2550 UV-Vis spectrophotometer
from Shimadzu. A detailed drawing of the optical path is depicted in Figure 3.10a. The
UV-2550 is equipped with two light sources (a deuterium and a halogen lamp), allowing
measurements between 190 nm and 900 nm. A double monochromator enables a spectral
resolution of 0.1 nm. The beam is modulated and split by a partly reflecting optical chop-
per into a sample and a reference beam. Both signals are detected with a photomultiplier
and a lock-in amplifier. A liquid helium cryostat (Janis: ST-300) can be incorporated in
the UV-2550 to obtain temperature dependent absorption spectra.
As common in molecular spectroscopy, the absorption A is defined to the base 10
instead of the natural logarithm, with I0 and Isample representing the light intensity before
and after the sample, respectively.
A = lg I0
Isample
(3.1)
With the intensity of the sample beam behind the sample Isample and the reference beam
Ireference, the absorption in the UV-2550 is determined as:
A = lg Ireference
Isample
(3.2)
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Figure 3.10: Commercial setups for absorption (a) and PLE (b) spectroscopy.
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3.3.2 Photoluminescence Excitation Spectroscopy
In PLE spectroscopy the PL emission intensity at a specific spectral position is detected,
while the wavelength of the excitation light is varied. After absorption of the exciting light,
the energy is transferred to the luminescent state and detected. Thus, the PLE spectra
often resemble the absorption spectra of a material. In addition, PLE spectroscopy also
includes information about the efficiency of the energy transfer between an absorbing and
the monitored emitting state.
The temperature dependent PLE spectra of Mn:(CdSe)13 are determined with a
Flurolog®-3 (FL3-22) from Horiba (compare Figure 3.10b). The light source is represented
by a 450W xenon lamp. The FL3-22 is equipped with a double grating monochromator
with gratings of 1200mm−1 in both the emission and the excitation path. The sample is
placed in a so-called T-box. For temperature dependent studies a liquid helium cryostat
(Janis, ST-300) can be incorporated in the Flurolog®-3. In PLE mode, the excitation
energy is varied by the excitation monochromator, while the PL intensity at a defined
wavelength is detected with a photomultiplier. In addition to PLE spectroscopy, the
Flurolog®-3 also allows PL measurements by passing through the emission monochroma-
tor.
3.3.3 Time-Integrated and Time-Resolved Photoluminescence
Spectroscopy
In contrast to absorption or PLE measurements, in PL spectroscopy, the light emission of a
semiconductor is characterized. Often restricted to the energetically lowest transition, PL
spectroscopy enables an insight into the dynamics of the charge carriers after an absorption
process. The PL spectra in this thesis are obtained with different setups. While the PL
signal of Mn:CdSe/CdS particles in the device are obtained with an extension of the EL
setup described below and the PL of the NPs are characterized with the Flurolog®-3, most
time-integrated measurements on MSCs and all time-resolved PL signals are recorded with
the self-build setup depicted in Figure 3.11.
A Ti:Sapphire laser (Mira 900 from Coherent) with a repetition rate of 76MHz and
100 fs pulse width, optically pumped by a frequency doubled Nd:YAG laser (Verdi V10
from Coherent), serves as excitation source. The infrared light can either be frequency
trippled or doubled to wavelengths of 270 nm or 405 nm, respectively. The desired wave-
length is selected with a prism. The laser beam is expanded to improve the focusing
capability and focused on the sample, which is placed in a liquid heluim cryostat (Janis,
ST-300). The luminescence is collimated and guided to the detection unit.
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Figure 3.11: Experimental setup for time-integrated and time-resolved PL spec-
troscopy.
Time integrated spectra are detected with a monochromator (iHR320, Horiba Jobin
Yvon with gratings of 150mm−1, 600mm−1 and 1200mm−1) combined with a charge-
coupled device (CCD) (Symphony, Horiba Jobin Yvon), to which the luminescence is
guided via a movable mirror. Two different detection units are available to obtain time
traces of the PL signal. For emissions with short lifetimes, a streak camera equipped
with an additional monochromator (from Hamamatsu, with 100mm−1, 300mm−1 and
600mm−1 gratings) allows recording of spectrally- and time-resolved PL signals up to 2 ns.
The streak camera is synchronized with the Ti:sapphire laser via a diode photodetector.
To allow characterization of samples exhibiting longer lifetimes, an avalanche photodiode
(APD) setup (Becker & Hickl GmbH) is placed at the second exit of the monochromator
used for time-integrated PL spectroscopy, enabling time traces up to µs. For this purpose,
a picosecond pulsed laser diode can be introduced as excitation source via a movable
mirror. Its repetition frequency can be tuned between 5MHz and 31 kHz, and serves as
reference for the APD.
3.4 Magnetic Circular Dichroism Spectroscopy
Magnetic circular dichroism is based on the determination of the difference in absorption
between σ- and σ+ polarized light and represents a powerful tool for the investigation of
the influence of a magnetic field on the electronic structure of a DMS material. In contrast
to emission based spectroscopic methods like magnetic circularly polarized photolumines-
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cence, MCD provides an experimental access to both the ground state as well as excited
state transitions, as it is based on absorption spectroscopy. Whereas absorption spectra
of colloidal nanostructures often consist of a superposition of excitonic transitions with
the absorption bands of free carriers as well as background signals caused by Rayleigh
scattering, the MCD signal is extremely sensitive to excitonic transitions. In addition, the
MCD signal reveals a sign and amplitude for the splitting of a certain electronic tran-
sition in a magnetic field, which represents an additional information to the absorption.
This makes MCD a versatile interpretative tool for the magnetic field induced splitting
of optically active electronic states.
3.4.1 Theory of Magnetic Circular Dichroism
Following the convention of Piepho et al., the difference absorption signal is defined as
the difference in the absorption of σ- and σ+ polarized light according to Equation 3.3
[174].
∆A = Aσ+ − Aσ− = IMCD1.1515 (3.3)
Assuming a twofold degenerated transition probed with circularly polarized light (with
non-degenerated ground state), the MCD signal equals zero in the absence of an ex-
ternal magnetic field, as the absorption features of σ- and σ+ polarized light coin-
cide energetically. In the presence of an external magnetic field the degeneracy of
this transition is lifted and the two absorption bands are separated by the Zeeman
splitting ∆EZ, generating the MCD signal. Figure 3.12 depicts the absorption signal
A = (Aσ− + Aσ−) /2 as well as the two absorption bands split by ∆EZ in compar-
ison to the resulting, derivative-shaped MCD signal. The amplitude of this so-called
A -term signal (denoting the derivative-shaped contribution to the MCD signal) is pro-
portional to the Zeeman splitting, while the shape of the feature directly reflects the
sign of the splitting. In case the σ- transition is higher in energy than its σ+ coun-
terpart (∆EZ < 0, compare Equation 2.19), ∆A is positive on the low-energy side of
the crossing-point representing a negative A -term as shown in Figure 3.12. The zero-
crossing of the MCD signal coincides with the peak position of the zero-field absorp-
tion. Besides the derivative-shaped A -term, two other possible contributions to MCD
signals are known. E.g. for molecules, a temperature dependent C -term arises in case
of a thermally occupied, degenerated ground state. An absorption-band-shaped B-term
may originate due to field induced mixing between excited states lying close to each
other. Both terms usually play a marginal role for excitonic transition in DMS nanos-
tructures, as due to the giant Zeeman splitting the A -term contribution dominates [174,
175].
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Figure 3.12: Principles of MCD spectroscopy. (a) depicts the Gaussian-shaped ab-
sorption peak, while in (b) the absorption peaks corresponding to σ+ and σ- polarized
light separated by the Zeeman energy ∆EZ are depicted in comparison to the absorp-
tion difference ∆A.
Application of the rigid shift approximation, which assumes that only the energetic
positions of the absorption bands shift while the band shape does not change with mag-
netic field, allows extraction of quantitative values for ∆EZ. This requires knowledge of
the absorption band shape of the corresponding transition. ∆EZ can be obtained either
by fitting the MCD spectrum with two Gaussian peaks of opposite signs having the same
band shape as the zero-field absorption or, provided that the Zeeman splitting is small
compared to the bandwidth 2σ of the absorption peak (σ > ∆EZ), directly calculated
from equation 3.4.
|∆EZ| =
√
2e
2 σ
∆Amax
A0
(3.4)
Herein, 2σ denotes the Gaussian bandwidth (according to a peak-normalized Gaussian
of f(E) = exp(− (E−E0)2
σ2 )), A0 the maximum absorption value and ∆Amax the maximum
MCD amplitude (compare Figure 3.12).
The MCD signal is often determined as the ratio between transmitted intensities of
σ- and σ+ polarized light. This signal, further referred to as MCD signal and denoted as
IMCD, is directly proportional to ∆A for ∆A < 0.1. [12, 175]
IMCD =
Iσ− − Iσ+
Iσ+ + Iσ−
= 1.1515 ·∆A (3.5)
60 3 Materials and Methods
3.4.2 Experimental Setup for Magnetic Circular Dichroism
Figure 3.13 depicts the MCD setup used for the determination of the MCD spectra. A
75 W xenon lamp combined with a monochromator provides a color tunable light source,
which allows the serial collection of spectra via tuning of the wavelength. The lamp (LOT-
Oriel, LSB510 (xenon lamp), LSH102 (adapter) and LSN151 (power supply)) generates
white light with a nearly constant intensity between 250 nm and 700 nm, which is focused
onto the entrance slit of the computerized monochromator (LOT-Oriel, Omni-λ 150),
equipped with two gratings with 1200mm−1, optimized for 300 nm (MSG32-1200-300)
and 500 nm (MSG32-1200-500), respectively.
monochromator
Xe light source
photomultiplier
sample 
in cryostate
electromagnet
PEM
linear 
polarizer
Figure 3.13: Experimental setup for magnetic circular dichroism measurements.
The monochromatic light (bandwidth of ≈ 1 nm) is collimated and directed towards
the sample with mirrors. Before reaching the sample, the light passes a linear polarizer,
which blocks light components perpendicular to its predominant direction creating lin-
ear polarized light and a photoelastic modulator (PEM) converting it alternately into σ-
and σ+ polarized light, with pi polarized light in the changeover [176]. The PEM (Hinds
Instruments, I/FS50 with PEM-90 (controller)) consist of a quarz glass plate, which is
periodically deformed via a piezo element with a frequency of 50 kHz modulating the re-
fractive indexes for light of different polarization introducing a tunable phase shift between
the two polarization components.
The sample is placed between two quarz glass windows in a liquid heluim crysostate
(ST-300 from Janis), which allows one to tune the temperature between 5K and 300K.
The cryostat is positioned in between the two pole shoes of an electromagnet providing
a magnetic field parallel to the light propagation axis (Faraday geometry), which can
be adjusted up to 1.6T. The transmitted light is focused onto a photomuliplier tube
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(Hamamatsu, R928 (tube) with C9525 (power supply)).
The output signal, which is determined as the voltage drop of the photomultiplier
anode current across a 50Ω resistance, consists of a DC as well as an AC contribution.
The DC voltage, reflecting the mean transmission of σ- and σ+ polarized light, is detected
with a multimeter (Hewlett Packard: 34401A). The AC contribution, orders of magnitudes
smaller in amplitude, is amplified with a voltage amplifier (Femto: DLPVA-100-BLN-A)
and filtered with a dual-phase lock-in amplifier (Signal Recovery: 7225 DSP), which de-
termines the amplitude as well as the phase component φ of the AC signal using the PEM
output frequency as reference signal. In case the difference between σ- and σ+ polarized
light exhibits a sign reversal, a phase shift is detected. The MCD signal is calculated
according to Equation 3.6. The spectrum is corrected by the signal measured without
an external field (I0TMCD), which includes any sample or setup related phase perturbations
caused e.g., by reflections in the pole shoes or scattering artifacts.
IMCD =
2
√
2
2
VAC · cosφ
VDC
− I0TMCD (3.6)
The correction by a constant factor is due to the fact that the lock-in amplifier detects the
effective rather than the peak-to-peak value of the AC component, while the DC value
equals the mean transmitted intensity of σ- and σ+ polarized light instead of the sum, as
defined in equation 3.5.
In order to determine absorption spectra, the sample must be replaced by a bare quarz
glass substrate allowing to record a lamp spectrum, so that the absorption spectrum can
be calculated according to 3.7
A = lg V
lamp
DC
V sampleDC
(3.7)
Herein V sampleDC /V lampDC denotes the DC voltage measured with a sample/bare substrate
placed in the optical path. The combination of both MCD and absorption spectrum allows
for the extraction of quantitative values for the Zeeman splitting of an excitonic transition
according to Equation 3.4 by fitting the absorption peak with a Gaussian profile.
3.5 Temperature Dependent Electroluminescence of
Colloidal Quantum Dot Light Emitting Devices
With the purpose to demonstrate an electrically induced EMP, a characterization technol-
ogy allowing temperature dependent EL measurements of colloidal QD devices between
cryogenic and room temperature is developed within this thesis. Due to the reduced
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robustness of both the active layer consisting of colloidal QDs as well as the solution-
processed organic layers, temperature-stable electrical contacting is challenging. As wire-
bonding on top of a metal-coated QD layer is not possible, the contacts are realized with
spring-loaded contact pins, which are able to counterbalance thermal expansion during a
temperature series.
The QD devices are integrated into a self-made sample holder (compare Figure 3.14),
which allows integration of the contacted QD device into a cryostat, enabling optical ap-
proach to the active areas. Thermal conductivity to the cold finger is ensured by preparing
the sample side of the sample holder with copper. Electrical contacts are realized by gold-
coated copper-beryllium contact pins from Feinmetal. Prior to the integration of the QD
device into the cryostat, the organic layers as well as the QDs are removed along the
edges of the substrate and replaced by a layer of conductive silver paint to ensure con-
tact between the ITO and the contact pins. The sample holder can be integrated into
a closed-cycle helium cryostat, as visualized in Figure 3.14c-e (OptistatAC from Oxford
Instruments).
Figure 3.14: Incorporation of the QD devices into a closed cycle cryostat. (a) depicts
the two parts of the sample holder, while (b) shows an as-prepared device. In (c-e) the
sample holder affixed to the cold finger of the cryostat is shown.
Figure 3.15 depicts the optical setup for the temperature dependent EL measure-
ments. The cryostate is placed on a translation stage allowing movement perpendicular
to the optical path, but parallel to the optical table. The QD-LEDs are operated with a
sourcemeter (Keithley 2601), cable-connected to the cryostate. It can be either used as
voltage or as current source. Furthermore the Keithley can be connected to a computer
allowing fully-automated IV characterization. The EL signal is collimated with a lens,
which is adjustable in height in order to selectively address each of the four active areas
on the device. The EL signal is then focused into a monochromator (iHR320, Horiba Jobin
Yvon with a 150mm−1 and two 600mm−1 gratings) equipped with a CCD (Symphony,
Horiba Jobin Yvon), allowing detection of EL spectra.
Simultaneous detection of PL spectra is enabled by incorporation of a He-Cd laser in
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the optical path via a beam splitter. The laser beam is enlarged to improve the focussing
capability and guided onto the devices incorporated in the cryostat.
QD device 
in cryostat
CCD
monochromator
He-Cd laser
sourcemeter
Figure 3.15: Temperature dependent EL setup, allowing simultaneous PL
characterization of the devices.
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Chapter 4
Tuning the (Magneto-)Optical
Properties of (CdSe)13 Clusters by
Discrete Replacement of Individual
Atoms
Magic sized clusters (MSCs) consisting of a predefined number of 26 atoms are considered
to carry an essential part during the synthesis of different nanostructures and are thus
of high interest regarding their chemical properties [52–56]. Beyond that, their specific
structure also reveals unique aspects, which distinguish MSCs from conventional nanos-
tructures. First, placed at the border between molecules and QDs, MSCs represent the
case of ultimate quantum confinement in a semiconductor nanocrystal, which e.g. results
in the observation of magneto-optically active and inactive transitions of the fine struc-
ture of the 1S3/21Se transition [31]. The dimension of one cluster barely exceeds the size
of one unit cell, with the result that almost all atoms can be considered sitting on the
surface, while atom-atom interactions are mostly restricted to nearest neighbors. Due to
their small, countable number of atoms any change in the composition, like e. g., doping
or alloying, must be considered as a discrete replacement of a few out of 13 anions or
cations in the lattice rather than a continuous shift of the composition between 0% to
100% concentration. The consequences of these peculiarities on the optical and magneto-
optical properties of undoped, Mn2+ and Co2+-doped as well as ZnCdSe alloyed clusters
are objective of this thesis.
The first subsection concentrates on the magneto-optical properties of Mn2+-doped
(CdSe)13 clusters, mainly on the consequences of the Mn2+-Mn2+ interactions on the
magneto-optical activity of different cluster species formed during the synthesis. The
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second part describes how the bandgap as well as the magneto-optical response can be
digitally shifted in energy by alloying Mn2+-doped clusters between (CdSe)13 and (ZnSe)13.
4.1 Digital Doping in Mn:(CdSe)13 Clusters
Magnetic doping in colloidal QDs is known to enable a combination of the unique optical
and electrical properties of confined semiconductor systems with magnetic functionali-
ties, allowing for the observation of strongly enhanced exchange interactions between the
dopant spins and the confined charge carriers as compared to their bulk counterparts [12,
23, 29]. Due to limitations in the capability of CdSe crystal nuclei to incorporate impurity
atoms [12], doping in conventional QDs can either be achieved kinetically by adsorption
of impurities on the nanocrystal surface and coverage by further material [50, 51] or via
diffusion doping of preformed cores, which grow slightly during the impurity incorporation
process [30, 156]. Hence, conventional magnetically doped QDs usually exhibit diameters
> 2.5 nm, in which charge carriers are quantum confined, whereas the Mn2+ ions, still
embedded in hundreds to thousand atoms of the host lattice, experience the same direct
environment as compared to bulk DMS materials with similar dopant concentrations.
This is completely altered in case of Mn2+ incorporation into (CdSe)13, where due to the
restricted number of available lattice sites several Mn2+ ions incorporated in the same
cluster are most probably forced to be on nearest-neighbor positions, implying striking
consequences for their magnetic behavior.
4.1.1 Idea of Digital Doping
From bulk DMS materials it is well known that the interactions between the dopants
themselves gain importance with increasing doping concentration. Mn2+ ions incorporated
on nearest neighbor sites form anitferromagnetically coupled Mn2+-Mn2+ pairs nullifying
their overall magnetic moment, and do not contribute to the sp-d exchange interaction.
The presence of this antiferromagnetic coupling can be accurately described with the em-
pirically modified Brillouin function (Equation 2.29)[60], introducing an effective doping
concentration xeﬀ smaller than the actual concentration xMn and an antiferromagnetic
temperature TAF, reflecting the influence of distant Mn2+ ions. In bulk DMS the Mn2+
ions can be assumed to be randomly distributed within the host lattice and for small
Mn2+ contents < 5% the effective concentration equals the portion Piso of isolated Mn2+
ions (xeﬀ = Piso(xMn) = xMn · (1− xMn)12). With increasing dopant concentration the
fraction of small clusters like triplets or quartets [177], contributing to the overall mag-
netization with a nonzero spin moment, has to be taken into account and xeﬀ follows an
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empirical expression [178] (xeﬀ = xMn ·(0.265 exp(−43.34 · xMn)+0.735 exp(−6.19 ·xMn)),
solid line in Figure 4.1). Note that the antiferromagnetic interactions between neighboring
ions severely limit the magnetic properties of bulk DMS, as xeﬀ never reaches 0.05 in its
maximum.
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Figure 4.1: xeﬀ at different nominal concentrations xMn in comparison to the portion
of isolated Mn2+ ions Piso (dashed line) in bulk DMS. Depicted solid line show fits for
Mn2+-doped CdTe [178], but is valid in general for Mn2+ in II-VI hosts [179].
This situation might be completely different in Mn2+-doped (CdSe)13, in which the
replacement of a single ion equals a discrete step in the doping concentration of 7.7%. This
suggests a particularly strong magneto-optical response in clusters doped with a single
Mn2+ ion. With nearly all 26 atoms in one cluster representing nearest neighbor atoms, it is
on the other hand very likely that the Mn2+ ions in clusters containing two dopants couple
antiferromagnetically, and in this case no magneto-optical response would be expected.
According to that, (CdSe)13 MSCs would offer the possibility to turn the magneto-optical
activity on from undoped clusters by replacing a single Cd atom by Mn in monodoped
Cd12MnSe13 and off by the replacement of two dopants in bidoped Cd11Mn2Se13. Due to
our synthesis route all three species are prepared as a mixed batch containing undoped
as well as mono- and bidoped clusters, with their portions being dependent on the overall
Mn2+ concentration xMn. Nevertheless, even in the case of a mixed ensemble the only
species exhibiting magneto-optical functionality exceeding the intrinsic Zeeman splitting
would be monodoped clusters, and thus all giant magneto-optical response in the ensemble
would be generated by isolated dopants. The Digital Doping behavior makes Mn2+-doped
MSCs an interesting candidate for solotronics [62, 63]. This recently emerging research
field concentrates on the creation, observation and manipulation of solitary dopants in
semiconductors and their electrical, optical and magneto(-optical) properties [62, 63, 180,
181].
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4.1.2 Mass Spectrometry on Doped Clusters
To probe the hypothesis of Digital Doping in Mn2+-doped (CdSe)13, a concentration series
with overall Mn2+ contents between xMn = 0% and xMn = 10% are prepared via variation
of the MnCl2 concentration in the precursor solution. Exact doping concentrations as
extracted from inductively coupled plasma - atomic emission spectroscopy (ICP-AES)
measurements are listed in Table 4.1. Sample synthesis as well as LDI-TOF MS and ICP-
AES have been conducted by Dr. Jiwoong Yang at the Seoul National University in Seoul,
Korea.
In order to determine how these overall concentrations are distributed among the
different species obtained during the synthesis (i.e. undoped, monodoped and bidoped
clusters), the actual composition of the ensemble is extracted via LDI-TOF MS. Figure
4.2 depicts mass spectra of samples with varying xMn, with m/z given in multiples of
the unified atomic mass unit. All spectra contain three main peaks, which can be unam-
biguously related to the different species according to their masses: With atomic weights
of 112.41 u, 78.96 u, 54.94 u and 35.45 u for Cd, Se, Mn and Cl [182], respectively, the
different species should exhibit masses of 2523.26 u, 2465.79 u and 2408.32 u for (CdSe)13,
MnCd12Se13 and Mn2Cd11Se13, respectively (note that each species is ionized with one Cl-
ion). The fine structure and the width of the three peaks derive from the contribution of
isotopes, which can be precisely simulated as visible in Figure 4.2.
All three peaks exhibit a clear change in intensity with xMn. At low concentrations
the portion of undoped clusters dominates, while with increasing xMn the percentage of
mono- and bidoped clusters increases. Independent of the doping concentration, no evi-
dence of clusters containing three or more dopants is present at m/z values below 2390.
As all three species are very similar in their structure and composition, they can be con-
sidered to share the same ionization processes, which means that they exhibit related
probabilities of getting ionized or fragmented. This enables the extraction of the rela-
tive amounts of undoped, monodoped and bidoped species in the ensemble based on the
Table 4.1: Exact doping concentrations of the samples used in this section as extracted
via ICP-AES.
integers used in the text LDI-TOF MS samples MCD samples
2% 2.20± 0.02% 2.30± 0.07%
4% 4.00± 0.05% 4.00± 0.25%
6% − 6.32± 0.36%
7% 7.40± 0.15% −
8% − 8.14± 0.53%
10% 9.9± 0.2% 10.16± 0.63%
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Figure 4.2: Mass spectra of Mn2+-doped (CdSe)13. For (CdSe)13 with a Mn2+ concen-
tration of xMn = 2% the LDI-TOF MS data (black) is compared to simulated isotropic
distributions (Mn2Cd11Se13 in green, MnCd12Se13 in red and (CdSe)13 in blue). The
inset depicts LDI-TOF MS data for samples with different doping concentrations.
intensities of the corresponding peaks in the LDI-TOF MS spectra, although quantita-
tive analysis of MS data is usually not trivial [183, 184]. The extracted relative amounts
of the three species are depicted in Figure 4.3. With increasing overall Mn2+ concen-
tration xMn the percentage of undoped clusters decreases, while the ratio of bidoped
clusters increases. A maximum of monodoped clusters is found at a doping concentration
of 7.4%.
The probabilities P0(xMn), P1(xMn) and P2(xMn) for un-, mono- and bidoped clusters
are in addition simulated on the basis of a binomial distribution. As no evidence of clus-
ters doped with three or more Mn2+ ions is found in experiment, only undoped, mono-
and bidoped clusters are considered. The simulation ensures that at any given overall
concentration xMn, the probabilities of the three different species add up to unity, while
the total number of Mn2+ ions in the ensemble accounts for xMn (compare Equations 4.1
and 4.2).
P0(xMn) + P1(xMn) + P2(xMn) = 1 (4.1)
xMn =
1
13 · P1(xMn) +
2
13 · P2(xMn) (4.2)
Assuming the same probabilities for embedding one Mn2+ in any of the different species,
the probability that an undoped, monodoped or bidoped cluster is built exhibit the same
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Figure 4.3: Ratios of different cluster species as extracted from MS spectra (symbols)
compared to simulated dopant distributions (solid lines) at a given overall concentration
xMn.
ratios as the corresponding values of the binomial probability mass function:
P0(xMn) : P1(xMn) : P2(xMn)
= B13,xcor(0) : B13,xcor(1) : B13,xcor(2)
with B13,xcor(i) =
(
13
i
)
xcor
i (1− xcor)13−i
(4.3)
In the binomial probability mass function the corrected concentration xcor reflects the
absence of clusters doped with more than two Mn2+ ions. The probabilities for the different
species are then given by:
P0(xMn) =
B13,xcor(0)
B13,xcor(0) +B13,xcor(1) +B13,xcor(2)
P1(xMn) =
B13,xcor(1)
B13,xcor(0) +B13,xcor(1) +B13,xcor(2)
P2(xMn) =
B13,xcor(2)
B13,xcor(0) +B13,xcor(1) +B13,xcor(2)
(4.4)
The correlation between xMn and xcor can be expressed as:
xMn =
1
13
B13,xcor(1)
B13,xcor(0) +B13,xcor(1) +B13,xcor(2)
+ 213
B13,xcor(2)
B13,xcor(0) +B13,xcor(1) +B13,xcor(2)
(4.5)
Simulated ratios of the different cluster species are depicted in Figure 4.3 as solid lines,
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exhibiting very good agreement with the values extracted from the MS data. The small
deviations between the experimentally determined and the calculated values might be
explained by the difference in formation entropies for mono- and bidoped clusters [29], not
considered in the binomial approximation. Together, LDI-TOF MS measurements and the
simulated ratios represent a strong evidence that no clusters with three or more dopants
are formed. Furthermore the good agreement between both proves that the dopants are
statistically distributed among the cluster ensemble.
4.1.3 Evidence of Digital Doping in Mn2+-Doped Clusters
The magneto-optical response, representing an evidence of effective sp-d exchange in-
teractions, was examined for samples with varying overall Mn2+ concentrations using
MCD spectroscopy. Figure 4.4 depicts absorption and MCD signals of MSCs containing
a Mn2+ concentration of xMn = 2%. Both spectra contain a superposition of various
peaks, which were identified as the fine structure of the 1S3/21Se band edge transition
[31]. The mismatch between the MCD zero crossing (approx. 3.65 eV) and the dominant
peak in absorption (approx. 3.7 eV) reveals the existence of the magneto-optically active
±1L transition (shown in red), contributing to both the absorption and MCD signal, and
the magneto-optically inactive 0L peak, which is not present in MCD, but strongly con-
tributes to the absorption signal. The two peaks between 3.8 eV and 4.0 eV are assigned
to the magneto-optically active ±1U transition (red) and the magneto-optically inactive
0U peak (blue), following the argumentation in [31].
As the MCD signal represents a superposition of various contributions, only the Zee-
man splitting of the energetically lowest ±1L transition is evaluated here, as the low
energy tail of the corresponding MCD feature does not exhibit any overlap with other
transitions. To determine the width and height of the ±1L absorption peaks necessary for
the extraction of the corresponding Zeeman splitting (compare Equation 3.4), the absorp-
tion spectrum up to 3.95 eV is fitted with four peaks, with the first one being fixed to the
position of the MCD zero crossing. This procedure allows the extraction of the Zeeman
splitting ∆EZ as −2.0meV, which corresponds to an effective g-factor of geﬀ = −25.
Figure 4.5a shows the extracted Zeeman splittings for MSC samples with different
doping concentrations up to xMn = 10% (exact concentration values can be found in
Table 4.1). The error bars result from uncertainties in the fitting procedure leading to
inaccuracy in the extracted Zeeman splittings. The splitting increases with increasing
Mn2+ concentration up to a maximal giant Zeeman splitting of −13.5meV for xMn = 6%.
The Zeeman splitting in DMS in general is proportional to the concentration of
magneto-optically active ions xeﬀ and their mean spin moment along the magnetic axis
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Figure 4.4: Magneto-optical characterization of Mn2+-doped MSCs with xMn = 2%
at 5K and 1.43T: (a) MCD and (b) absorption spectrum. Red (blue) peaks in (b)
represent fits to the magneto-optically active (inactive) transitions, while the sum of
the fits is depicted in a blue dashed line. Experimental data is shown as black dots.
The energetic position of the ±1L transition is highlighted with a dashed black line.
⟨Sz⟩, which is determined by the magnetic field and the temperature via the Brillouin
function (compare also Figure 2.4.4):
∆EZ ∝ xeﬀ ⟨Sz⟩ (4.6)
The proportionality is determined by the overlap γ of the wave function of the involved
charge carriers with the Mn2+ ions, as well as the strength of the exchange coupling, which
is described by the exchange coupling constants N0α and N0β, both being independent
on the Mn2+ concentration. If MSCs are considered as borderline case of a spherical
quantum dot, the proportionality constant accounts for γ(−N0α+N0β), assuming a pure
hh-X transition. Nevertheless, the comparison to conventional quantum dots with similar
doping concentrations exhibits substantially smaller Zeeman splittings measured in case of
the MSCs [30]. This might be either due to a quantum confinement induced modification
of the exchange coupling constants [37, 143, 146] or the admixture of different valence
band subbands due to the spherical confinement [38, 106]. On the other hand, most of
the 13 cation lattice sites can be considered as surface atoms and thus the overlap γ of a
Mn2+-dopant with the charge carriers’ envelope functions may be significantly reduced.
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Figure 4.5: (a) Extracted Zeeman splittings of the ±1L transitions for cluster samples
with different overall concentration xMn. Data is listed in Table 4.2. (b) depicts the
expectations for the concentration of magneto-optically active ions in Mn2+-doped
MSCs with (black line) and without (straight green line) Digital Doping. The case of
50% antiferromagnetical coupling in bidoped clusters is depicted as dashed green line.
However, neither the overlap γ nor the strength of the exchange coupling itself is
expected to depend on the overall Mn2+ concentration. The Brillouin function determin-
ing ⟨Sz⟩ usually contains the - concentration dependent - antiferromagnetic temperature
TAF, describing the influence of distant Mn2+ ions (more than a unit cell apart). Those
interactions can be neglected in case of the clusters, as the lattice does not contain much
more than a unit cell and neighboring clusters are separated by oleylamine ligands im-
peding any antiferromagnetic interactions. Hence the Zeeman splitting should be directly
proportional to the concentration of magneto-optically active Mn2+ ions xeﬀ . It is thus
instructive to compare the Zeeman splitting dependence on the overall concentration xMn
with theoretical expectations for xeﬀ in different cases.
For the clusters two limiting situations can be considered. In case that the Mn2+ ions
embedded in bidoped clusters do not interact and behave completely paramagnetic, all
doped clusters (mono- and bidoped) would contribute to the magneto-optical response
and thus the effective concentration would equal the nominal concentration (xeﬀ = xMn,
straight green line in Figure 4.5b). In the opposite situation the Mn2+ ions in bidoped
clusters are completely aligned antiferromagnetically and do not contribute at all to
the magneto-optical response. Thus xeﬀ would follow the ratio of monodoped clusters
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(xeﬀ = P1(xMn), black line). This represents the case of Digital Doping. Partial coupling
would lead to an expectation between those limiting cases, as illustrated for an antifer-
romagnetic coupling in 50% of the bidoped clusters in Figure 4.5. Comparison of the
experimentally extracted data with the theoretical expectations reveals that the picture
of Digital Doping quite nicely describes the measured dependence. Especially, the pre-
dicted concentration with maximal magneto-optical response of 7.7% agrees well with
the experimental concentration with the maximum Zeeman splitting at 6%. These find-
ings also directly imply that the magneto-optical response derives from solitary dopants
in monodoped clusters, while bidoped clusters are almost completely inactive in MCD
(except the small intrinsic contribution). By replacing one atom in the (CdSe)13 clusters
with Mn2+, the giant magneto-optical response can be turned on, while by addition of a
second dopant, it is turned off again.
Table 4.2: Extracted Zeeman splittings and the corresponding g-factors for Mn2+-
doped (CdSe)13 with different doping concentrations at 5K and 1.43T.
doping concentration [%] ∆EZ [meV] geﬀ
2.30± 0.07 2.0 −25
4.00± 0.25 6.6 −81
6.32± 0.36 13.5 −166
8.14± 0.53 9.13 −112
10.16± 0.63 5.9 −72
4.1.4 Magneto-Optical Response up to Room Temperature
The temperature dependence of the magneto-optical response offers the possibility to
trace the influence of thermal energy on the Mn2+ magnetization. Figure 4.6 depicts MCD
spectra at different temperatures for three different samples with xMn = 2%, 6% and 10%,
respectively. All samples exhibit a strong decrease in amplitude combined with a shift
towards lower energies with increasing temperatures, the latter being originated by the
characteristic temperature dependence of the bandgap common for most semiconductors.
Remarkably, the magneto-optical response persists up to room temperature (spectra
in the insets) without any inversion in the sign of the MCD. This evidences that even at
room temperature the giant Zeeman splitting exceeds the intrinsic contribution, which is
expected to exhibit a positive sign in bulk CdSe [88]. Note that the intrinsic contribution
is influenced by quantization in small QDs, but remains positive even at diameters of 38Å
[130]. Stemming exclusively from solitary dopants in monodoped clusters, this magnetic
functionality at room temperature distinguishes Mn2+-doped MSCs as promising material
for future spintronic applications.
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Figure 4.6: MCD spectra of Mn2+-doped (CdSe)13 with different doping concentra-
tions at 1.43T and varying temperatures between 5K and 300K. Room temperature
spectra are shown in the insets.
Figure 4.7a compares the decrease in amplitude for the first MCD maximum with the
extracted Zeeman splittings up to a temperature of 64K (values at higher temperatures
have not been extracted with respect to enlarged uncertainties due to the increasing line
widths with temperature), revealing that the MCD amplitude evolves proportional to
∆EZ. This allows deduction of the decline in Zeeman splitting from the trend in the
MCD amplitude. The decrease stems from the thermal energy impeding the alignment
of the Mn2+ ions along the external magnetic field, which is described by the Brillouin
function:
⟨Sz⟩ = xeﬀS ·BS
(
gMnµBSB
kBTeﬀ
)
with Teﬀ = T +∆T (4.7)
The Mn2+ spin temperature determining the Brillouin function is composed of the actual
bath temperature T and a small correction ∆T . In bulk DMS this corresponds to the
coupling of more distant Mn2+ ions and is thus denominated as the antiferromagnetic
temperature TAF in the conventional theory of Gaj et al. [60]. In common DMS materials
such as Mn2+-doped CdSe or CdTe, TAF does not exceed 2.6K [60, 178, 185]. As outlined
above, the interactions with further Mn2+ ions can be neglected in Mn2+-doped (CdSe)13
and therefore TAF is expected to equal zero in this material.
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Figure 4.7: (a) Temperature dependence of the Zeeman splitting ∆EZ (blue, left
axis) compared to the decrease in MCD amplitude (black, right axis). The black line
indicates a Brillouin fit. (b) compares the temperature dependent decrease of the MCD
amplitude for different Mn2+ concentrations, normalized to the value at 8K. A Brillouin
fit is indicated with a black/green line.
Interestingly, fitting the temperature dependent decay of the MCD amplitude in Figure
4.7 with Equation 4.7 yields a nonzero ∆T of ≈ 9K for Mn2+-doped (CdSe)13 with
xMn = 8%. Similarly enhanced so-called Mn2+ temperatures Theat have also been observed
in other DMS materials related to an energy transfer from free carriers to the Mn2+
ensemble. This so-called spin heating results from a fast and efficient energy transfer
into the Mn2+ spin system from either photogenerated [186–189] or electrically induced
[190] carriers, while on the other hand the cooling down of the Mn2+ system to the bath
temperature T is restricted by the spin-lattice relaxation (SLR) times. As isolated Mn2+
ions exhibit a zero orbital momentum, they do not directly interact with the phonon
system [8], and therefore SLR occurs with the aid of Mn2+ clusters in bulk DMS. Thus,
the SLR times critically depend on the Mn2+ concentration [186, 188], leading to the
observation of enhanced temperatures Theat of a few up to several tens of Kelvins above
the bath temperature at low doping concentrations. The excess energy of free carriers can
either be transfered directly to the spin system by spin exchange scattering, providing
simultaneous spin and energy transfer, or indirectly via acoustical phonons emitted by
the carriers, which increases the bath temperature. The direct transfer can also include
the excitation of the internal 6A1→4T1 transition from excitonic states, as observed in
Mn2+-doped (CdSe)13 (compare [31]). In single-Mn2+-doped epitaxial QDs, enhanced spin
temperatures of up to 60K have been observed [191]. Thus, the enhanced spin temperature
might be attributed to the effect of spin heating in the monodoped clusters, e. g., induced
by the excess energy released during the excitation of the internal 6A1→4T1 transition.
Note that the band edge in our clusters strongly exceeds the internal Mn2+ transition in
energy (3.6 eV compared to ≈ 2.1 eV).
This hypothesis is affirmed by the comparison between the temperature dependent
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decays of the MCD amplitude for several samples with different doping concentrations.
Figure 4.7b reveals that regardless of the Mn2+ concentration the MCD signal follows
the same Brillouin trend. All decays can be fitted with one mean Theat = 8.4K, which
is in contrast to the antiferromagntic temperature TAF in conventional DMS materials
increasing proportionally to the overall Mn2+ concentration. The observation of a sim-
iliar Theat among different concentrations furthermore is consistent with the conclusion
that only monodoped clusters cause the magneto-optical response throughout the whole
concentration range between 0% and 10%.
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4.2 Mn2+-Doped Alloy (ZnxCd1-xSe)13 Clusters
The previous chapter deals with the possibility to activate and deactivate the giant
magneto-optical response in (CdSe)13 clusters in a digital manner through Mn2+ incorpo-
ration. By varying the concentration of the MnCl2 precursor, concentrations up to 10%
can be reached experimentally. This Mn2+ content introduces a small bandgap shift of
about ≈ 30meV, as visible in Figure 4.6 between the 5K MCD responses of Mn2+-doped
samples with xMn = 2% and 10%, respectively.
In bulk and colloidal semiconductors QDs, alloying, i.e. the continuous tuning of the
composition between two materials, represents a common tool to adjust the optical and
electrical properties, particularly the fundamental bandgap [192–197]. By changing the
concentration x from 0% to 100% in pseudo-binary alloys of type AxB1-xC, the bandgap
can be continuously tuned between the bandgap of AC and BC, as has been shown for
various II-VI material combinations. In case of MSCs containing only 26 atoms, alloying
is only possible discretely changing the concentration in steps of 7.7%. Even more inter-
esting, simultaneous alloying and doping would offer the possibility to precisely tune the
energetic region of the magneto-optical response of a colloidal DMS material. This vision
requires the combination of four different elements (namely Cd, Zn, Mn and Se in our
case) in one stable crystal containing a defined number of 26 lattice sites. Furthermore the
combination of CdSe and ZnSe along with the high confinement due to the very small size
in the MSCs pushes the spectral region of the magneto-optical activity towards the high
UV, which is not easily achieved in colloidal DMS nanostructures, as those are restricted
in their minimum size.
4.2.1 Undoped (ZnxCd1-xSe)13 Clusters
Figure 4.8 depicts mass spectra and room temperature absorption of undoped
(ZnxCd1-xSe)13 clusters, proving the successful variation of the Zn content in the clus-
ters between 0% and 100%. The sample preparation as well as LDI-TOF MS and room-
temperature optical characterization have been conducted by Dr. Jiwoong Yang at the
Seoul National University. The LDI-TOF MS spectrum shown in Figure 4.8b exhibits
multiple peaks equally seperated in m/z. Comparison to simulated isotropic distributions
(colored peaks) reveals that each peak can be assigned to a specific cluster species with
a well defined number of Zn and Cd cations between 0 and 13, with their spacing cor-
responding to the difference in atomic masses between Cd and Zn (112.41 u and 65.39 u
for Cd and Zn, respectively). The possibility to variably substitute all 13 cations stands
in distinct contrast to transition metal doping, where a maximum number of two cation
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lattice sites can be replaced with Mn2+ ions, as elaborated above. This difference most
likely originates from the fact that Zn represents an isovalent substituent to Cd, while
the TM2+ exhibit partly unpaired 3d electrons. The absorption spectra shown in Figure
4.8c reflect the properties of ensembles containing a mixture of different species in case
of alloying, as visible in the enhanced line widths for samples containing both Zn and
Cd in comparison to samples with pure (CdSe)13 or (ZnSe)13 clusters. With increasing
overall Zn content the absorption peaks corresponding to the 1S3/21Se band edge transi-
tion continuously shift towards higher energies, evidencing the expected tunability of the
bandgap.
Figure 4.8: (a) depicts a sketch visualizing the idea of alloying in (ZnxCd1-xSe)13
clusters. In (b), LDI-TOF MS spectra of an as prepared ensemble with an overall Zn
content of xZn = 0.6 is shown. The colored peaks depict simulated isotropic distribu-
tions for the different cluster species, with the number of comprised Zn atoms given
above. (c) depicts room temperature absorption spectra of cluster dispersions with
different overall Zn contents. From [59].
4.2.2 Magneto-Optical Properties of Mn2+-Doped Alloy Clus-
ters
In order to furnish the alloy clusters with an additional magneto-optical functionality,
MnCl2 is added to the precursor solution to obtain Mn2+-doping. All doped samples
examined during this study contain xMn = 6% Mn2+ concentration among the total
amount of cations. The Zn contents given represent the percentage compared to the
overall amount of non-magnetic cations, i.e., merely Zn and Cd cations.
First evidences of successful Mn2+ incorporation can be found in the room temperature
absorption, PL and PLE spectra. Mn2+-doped clusters exhibit absorption peaks with
similar energetic positions as their undoped counterparts, indicating that the clusters
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Figure 4.9: Room temperature optical characterization of Mn2+-doped alloy clusters.
(a) Room temperature absorption (red), PL (blue) and PLE (black) spectra of Mn2+-
doped (Zn0.6Cd0.4Se)13 with xMn = 6%. Absorption (b) and PLE (c) spectra of Mn2+-
doped alloy clusters with xMn = 6% doping concentration and varying Zn content.
maintain their structure even after Mn2+ incorporation. The Mn2+-doped alloy clusters
exhibit the characteristic Mn2+ ligand field transition at ≈ 2.1 eV in PL (compare Figure
4.9a) and PLE spectra of this transition closely resemble the absorption spectra of the
same samples (compare Figure 4.9b and c).
The challenge of incorporating four different atoms in one single cluster opens up the
question of the feasibility of magneto-optically active doping of the alloy clusters and
their function as diluted magnetic semiconductors. To finally proof the magneto-optical
activity of the embedded Mn2+ ions, MCD spectroscopy was conducted. In contrast to
Mn2+-doped (CdSe)13 clusters, which are surface-modified with oleylamine to improve
the dispersibility and reduce light scattering [198], Mn2+-doped alloy and (ZnSe)13 clus-
ters are not stable after ligand exchange and are thus dispersed in octylamine. For the
magneto-optical characterization, a small amount of oleylamine was added just prior sam-
ple preparation to avoid scattering through oleylamine crystallization.
Figure 4.10 depicts the normalized magneto-optical responses at cryogenic temper-
ature for Mn2+-doped alloy cluster samples exhibiting different Zn contents between 0
to 1. With increasing Zn content the whole MCD feature shifts towards higher energies.
Although the MCD spectra of alloy clusters exhibit larger line widths, the characteristic
shape of the MCD feature is still maintained. This proves that the Mn2+ ions are suc-
cessfully incorporated developing a magneto-optical activity, and documents that alloy
clusters can be regarded as a member of the family of DMS materials. It also unambigu-
ously demonstrates the successful combination of four different cations in a single cluster.
Furthermore, due to the extraordinary high quantization energies in these small clusters,
the measured energy range of the magneto-optical response lay in the high UV regime
for samples with high Zn contents, expanding the spectral range for future spintronic and
solotronic applications.
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Figure 4.10: Normalized MCD spectra of Mn2+-doped alloy clusters with different
Zn contents and xMn = 6% doping concentration. All spectra are detected at 5K and
1.63T. For pure Mn:(CdSe)13, measurements on samples passivated with oleylamine
(solid line) and octylamine (dashed line) are depicted. Relative normalizing factors are
indicated for each spectrum.
Note that while all samples containing Zn are stable, when passivated with octylamine,
octylamine covered (CdSe)13 degenerate within a few weeks, which becomes apparent in
a color change of the dispersion from whitish to red. As prepared octylamine capped
(CdSe)13 clusters (dashed green line) are slightly shifted in energy as compared to samples
passivated with oleylamine (solid green line, data from Figure 4.4), respectively. A possible
explanation for this energy shift might be a slightly different lattice structure favored by
either oleylamine or octylamine ligands.
The energetic position of the zero crossings (depicted in Figure 4.11) mark the ±1L
state of the band edge 1S3/21Se transition, representing a good indicator for the bandgap
shift depending on the Zn content. Considering only stable cluster samples (i.e. (CdSe)13
capped with oleylamine and all other samples capped with octylamine), the bandgap shift
can be well fitted with the quadratic equation used to describe the commonly observed
pronounced bowing behavior of the bandgap in bulk alloy ZnxCd1-xSe (compare Equation
2.2):
Eg(x) = xEZnSeg + (1− x)ECdSeg − x(1− x)b (4.8)
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Figure 4.11: Band edge in Mn2+-doped alloy clusters. The energetic position of the
first zero crossing in MCD is compared as taken from measurements in Figure 4.10.
The values represent the energies of the ±1L transition belonging to the fine structure
of the 1S3/21Se band edge. The quadratic fit has been obtained based on Equation 4.8
with EZnSeg = 4.37 eV, ECdSeg = 3.62 eV and b = 0.35 eV.
Herein ECdSe,ZnSeg denotes the bandgap of (CdSe)13 or (ZnSe)13 clusters, respectively, and
b is the bowing parameter, which is determined to be 0.35 eV close to reported bulk values
(0.30 eV to 0.48 eV [199–201]). The difference between the bandgaps of the pure binary
species is slightly smaller compared to the bulk values (0.8 eV compared to ≈ 1 eV [202],
respectively), which may be related to a decrease of the quantization energy in (ZnSe)13
compared to (CdSe)13 due to a decreased exciton Bohr radius in ZnSe (4.5 nm in ZnSe
and 6 nm in CdSe).
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Figure 4.12: Magneto-optical response of Mn2+-doped (ZnSe)13. (a) depicts MCD
spectra at 5K and 0.34T, 0.69T, 1.02T, 1.34T and 1.63T, respectively. In (b) the
corresponding Zeeman splittings are depicted as extracted following the procedure de-
scribed in Section 4.1.3.
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In Figure 4.10, the relative normalization factors, which mirror the different ampli-
tudes of the various MCD spectra, are indicated for each spectrum. While the spec-
tra of pure Mn2+-doped clusters (Mn:(CdSe)13 and Mn:(ZnSe)13) are of similiar am-
plitude, alloy clusters exhibit smaller MCD signals. A way to classify the strength of
the sp-d exchange interactions in these alloy clusters represents the giant Zeeman split-
ting. For Mn2+-doped (ZnSe)13 the magnetic field dependent MCD spectra and the
Zeeman splittings of the first transition are depicted in Figure 4.12, the latter ex-
tracted following the procedure described in Section 4.1.3. With increasing magnetic
field, the MCD amplitude increases linearly, reflecting the magnetization in the spin
sublattice due to the alignment along the external magnetic filed. As evident from the
non-saturating Zeeman splitting, the magnetic field is not sufficient to completely align
all Mn2+ ions. The extracted Zeeman splitting corresponds to an effective g-factor of
geﬀ = −81, which is of the same magnitude as in Mn2+-doped (CdSe)13 with the same
doping concentration. As both materials exhibit similar exchange coupling constants
(N0α = 0.23 eV(0.26 eV) and N0β = −1.27 eV(−1.31 eV) for Mn2+ in CdSe (ZnSe)),
this suggests that the Mn2+ ions share the same magnetic behavior as in Mn2+-doped
(CdSe)13.
4.2.3 Simulation of the Magneto-Optical Response of Alloy
Clusters
For magnetically doped alloy clusters, the giant Zeeman splitting cannot be extracted in
a similiar manner as for Mn:(ZnSe)13. Here, the absorption spectra represent a super-
position of signals from different species with varying number of Zn and Cd cations,
which significantly broadens the peaks. The reduction in the MCD amplitude of al-
loy clusters may either be originated by this broadening, or by a decreased magneto-
optical activity of the embedded Mn2+ ions as compared to the pure Mn:(CdSe)13 and
Mn:(ZnSe)13 species. In order to enable evaluation of the strength of the sp-d exchange
coupling in these alloy DMS clusters, the magneto-optical response, i.e., the MCD sig-
nals of alloy ensembles with different overall Zn contents are simulated. In the follow-
ing context, a “species” refers to a subset of particles with exactly the same compo-
sition of the host material, i.e. the number of Cd and Zn cations, which may be ran-
domly doped with zero, one or two Mn2+ ions. On the other hand a cluster “sam-
ple” denotes a mixture of different species resulting in a given overall Zn concentration
xZn.
In order to simulate the MCD spectrum of a cluster ensemble representing a mix-
ture of different Mn2+-doped species, in a first step the theoretical MCD spectra for the
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Figure 4.13: Simulation of the MCD spectra for doped alloy clusters. (a) Simulated
MCD spectra of selected species. Experimental data for pure Mn2+-doped (ZnSe)13
clusters are shown for comparison. In (b) the probabilities for each of the 14 different
species containing between zero and 13 Zn atoms are shown for different overall Zn
ensemble contents of xZn = 0, 0.2, 0.4, 0.6, 0.8 and 1. For this calculation doping has
not been considered.
individual alloy species with defined composition are simulated. For this purpose, the ex-
perimentally determined MCD spectrum of Mn:(CdSe)13 is shifted in a first approximation
linearly in energy between the zero crossings of pure Mn:(CdSe)13 and Mn:(ZnSe)13. Fur-
thermore the spectra were stretched linearly adjusting the width of the feature (as derived
from the first maximum in MCD via fitting to a derivative Gaussian) between 73meV
for Mn:(CdSe)13 and 96meV for Mn:(ZnSe)13, to account for the increasing linewidth
between (CdSe)13 and (ZnSe)13 clusters. The simulated spectra for selected species are
depicted in Figure 4.13a together with the experimentally determined spectrum of pure
Mn:(ZnSe)13.
In a second step, the probabilities for the formation of the different species are calcu-
lated applying a similar approach as in chapter 4.1.2: As in case of alloying all 13 cations
are allowed to be replaced by Zn, the probabilities of the species can be directly derived
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from the corresponding binomial distribution:
B13,xZn(i) =
(
13
i
)
xZn
i (1− xZn)13−i (4.9)
Equation 4.9 describes the probability that at a given overall Zn concentration of xZn
a MSC is built containing exactly i Zn and (13 − i) Cd cations. Figure 4.13b depicts
the calculated probabilities to find a specific species with n = 0...13 Zn atoms for the
various overall Zn concentrations used in this study. Note that this approach is basically
appropriate for undoped alloys and does not consider the dopants. It is instead assumed
that a defined cluster species randomly incorporates zero to two Mn2+ ions in case of
doping. In a third step, the simulated spectra of the species were weighted with the
calculated probabilities to obtain the final simulated spectra of samples with specific
overall Zn concentrations.
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Figure 4.14: Comparison between simulated MCD spectra and experiment. (a) depicts
the simulated (solid lines) and experimental (dashed lines) spectra of Mn2+-doped alloy
clusters with Zn contents of 0.2, 0.4, 0.6 and 0.8, both normalized peak-to-peak. (b)
and (c) compare the - not normalized - MCD spectra for the different samples.
Figure 4.14a depicts the simulated MCD spectra as well as the experimentally de-
termined data for the Mn2+-doped alloy clusters, both normalized peak-to-peak. The
simulated spectra quite nicely resemble the experimental data, including both the ener-
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getic shift as well as the line widths. Furthermore the simulated spectra reproduce some
features of the experiments (i.e. shoulders or kinks, compare in particular the sample with
xZn = 0.2). Those features result from the fact, that the energy shift between two species
varying in composition by only one Zn atom accounts for ≈ 61meV. This value is of the
same magnitude as the line width of the features originated by a single species (≈ 70meV
to 95meV).
On the other hand, this similarity in magnitude is expected to result in reduced MCD
signals, as the MCD spectra of species differing in composition by one or two Zn cations
will partly cancel out each other with the dominant minimum of one species coinciding
with the dominant maximum of another species (compare Figure 4.13b). A comparison
of the non-normalized MCD amplitudes of experimental and simulated data is shown
in Figure 4.14b and c. The alloy DMS clusters experimentally exhibit strongly reduced
magneto-optical responses compared to the pure Mn2+-doped (CdSe)13 and (ZnSe)13.
For the simulations, equal MCD amplitudes were assumed among all species, which is
equivalent to comparable Zeeman splittings for all species. Nevertheless, the simulated
MCD spectra for ensemble samples containing different species exhibit similarly reduced
amplitudes as the experimental alloy MSCs. A reduced mean amplitude by a factor four
is found for alloys with respect to the binary Mn:(CdSe)13 or Mn:(ZnSe)13 clusters in
simulations, while the experiments exhibit a factor of 6.7. Therefore most of the reduction
in the MCD amplitude for alloy clusters can be attributed to the broadening of the spectral
resonances due to the mixture of different species. This allows the conclusion that the
individual alloy species itself in general exhibit similar MCD amplitudes - and thus sp-d
exchange interactions - as the binary counterparts.
4.2.4 Temperature Dependence of the Magneto-Optical Re-
sponse in Mn:(ZnxCd1-xSe)13
Finally, the temperature dependence of the alloy DMS clusters is characterized. Figure
4.15 depicts the temperature dependent MCD spectra up to room temperature for doped
alloy clusters (xZn = 0.4) and binary Mn:(ZnSe)13. With increasing temperature the spec-
tra of the two samples shift towards lower energies, while the MCD amplitudes rapidly
decrease. The absence of a sign reversal evidences that for both samples the magneto-
optical response is dominated by the sp-d exchange interactions up to room temperature,
as for both material systems the intrinsic splitting is expected to exhibit a positive Zee-
man splitting (gint = 1 to 1.4 for CdSe QDs [28, 129, 130] and 1.1 to 2.5 for ZnSe QDs
[22, 24]). Hence, the Mn2+-doped alloy clusters in general enable the usage of sp-d ex-
change interactions with a tunable spectral range of the magneto-optical response in room
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temperature spintronic devices.
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Figure 4.15: Temperature dependence of the magneto-optical response for Mn2+-
doped alloy clusters with xZn = 0.4 (a) and pure Mn:(ZnSe)13 (b). All spectra are
recorded at magnetic fields of 1.63T. Room temperature spectra are shown in the
insets.
Figure 4.16 illustrates the decay of the MCD amplitudes with temperature for different
samples. For all samples the MCD amplitude follows a Brillouin decay as characteristic for
the giant Zeeman splitting. Analogous to the procedure in Section 4.1.4, a spin tempera-
ture Theat can be extracted by describing the decay with Equation 4.7, which yields a value
of Theat = 8.7K for Mn2+-doped (ZnSe)13 exhibiting nice agreement with the Mn2+-doped
(CdSe)13 cluster samples. This suggests that the Mn2+ sublattice in the Mn:(ZnSe)13 clus-
ters exhibits similar physics as compared to Mn:(CdSe)13. This might include the Digital
Doping behavior due to the Mn2+-Mn2+ exchange interactions as well as the spin heating
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Figure 4.16: Temperature dependence of the MCD amplitude for four different
samples. The magneto-optical response could be traced up to 96K for clusters with
xZn = 0.2 and 300K for samples with xZn = 0.4, 0.6 and 1. Dashed lines indicate
Brillouin fits to Equation 4.7.
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due to reduced spin-lattice relaxation processes of solely Mn2+ ions. Figure 4.16b depicts
the temperature dependent MCD amplitudes for three alloy samples with different Zn
contents. For samples with xZn = 0.4 and 0.6 the magneto-optical response is traced up
to room temperature, while clusters with xZn = 0.8 were monitored up to 96K. Fitting
all samples with an identical mean Theat yields a value of 10K, comparable to the value
extracted for doped binary species.
Chapter 5
Structural Effects in (CdSe)13
Clusters Probed by Optical
Spectroscopy
In the previous chapter the impact of Mn2+-doping on the magneto-optical properties of
(CdSe)13 and (ZnxCd1-xSe)13 alloy clusters has been discussed, revealing giant magneto-
optical functionalities through the incorporation of TM2+ ions. In particular, it has been
evaluated how the discrete replacement of a few out of the 13 cations - either by magnet-
ically active or inactive species - influences the clusters optical performance and creates
new characteristic properties which directly result from the precisely countable number
of atoms in the MSCs.
Besides the small number of atoms, the magic nature of the clusters also implies a
minimum size of the crystal, barely exceeding a single unit cell. This reduced crystal
size of the (CdSe)13 clusters causes several particularities compared to conventional QDs,
which are in the scope of this chapter. The small (CdSe)13 structure may obviously be
more flexible in reacting to the incorporation of a foreign atom, and the lattice structure
is decisive for the electronic properties.
The first subsection discusses how the (CdSe)13 lattice responds to Co2+-doping,
demonstrating how the Co2+ ligand field transition can be used to optically probe the
Co-Se bond length, which is found to be strongly shortened as compared to conventional
Co2+-doped DMS materials. In the second subsection the temperature dependent shift of
the bandgap is related to the influence of the reduced lattice size.
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5.1 Cobalt-Selenium Bond Lengths in Co:(CdSe)13
Nanoclusters
Optical as well as magneto-optical spectroscopy of the band edge transition provides quite
limited insights into the influence of doping on the crystal structure of (CdSe)13. However,
as the relevant transition metal ions are considerably smaller compared to the host Cd2+
cations, it is obvious that the (CdSe)13 lattice probably responds to the replacement of one
ion by an ion with a different size. Considering reported crystal radii of Mn2+ and Cd2+ in
a tetrahedral geometry (80 pm and 92 pm, respectively [203]), Mn2+-doping corresponds
to a reduction in size of one of the 13 cations of about 13%. The Co2+ cation is even
smaller than the Mn2+ (72 pm compared to 80 pm, respectively [203]).
Crystal structure analysis in semiconductor nanostructures is often realized by means
of diffraction (mostly electron or X-ray diffraction techniques), which requires at least
medium range order among the lattice atoms. In contrast to conventional QDs consisting
of several hundreds up to thousands of atoms, medium periodicity does not exist in the
clusters, as their structure does not comprise much more than a unit cell. The ligand
field transitions of TM2+ ions are known to provide an optical approach to the chemical
and structural environment around the ion, as their pattern depend on the arrangement
of the ligand atoms and their influence on the different 3d orbitals of the central ion.
As Mn2+ exhibits high spin 3d5 configuration (a half-filled shell), it owns a maximum
total spin of S = 52 implying strong exchange coupling interactions. However, all ligand
field transitions require a spin flip and are hence forbidden. In contrast to that, Co2+
exhibits several low-energy ligand field excited state transitions, which are spin-allowed
and visible in absorption even at low concentrations. These transitions have frequently
been exploited to investigate the Co2+ chemical surrounding, e. g., to probe the Co2+
lattice incorporation during synthesis [71, 125, 126] or to measure the bond lengths in
alloys DMS QDs [75].
In the samples under study in this chapter Co2+ is used as a magnetic dopant in
(CdSe)13 MSCs to gain access to the structural environment of the dopant ions in the
MSCs. After confirmation of the magneto-optical activity of the Co2+-doped (CdSe)13
clusters by examination of the band edge excitonic transitions, the ligand field transitions
are examined via MCD to extract information about the MSCs lattice structure. Evalu-
ation of the energetic position allows one to estimate the Co2+-Se2+ bond length. Finally
these findings are correlated with EXAFS analysis. The sample preparation as well as all
EXAFS measurements and their evaluation has been conducted by Dr. Jiwoong Yang at
the Seoul National University.
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5.1.1 sp-d Exchange Interactions in Co:(CdSe)13 Cluster
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Figure 5.1: Full MCD spectrum of Co2+-doped (CdSe)13 clusters xCo = 7%. The
spectrum measured at 1.6T and 5K exhibits the ligand field transition at around
1.7 eV and the excitonic band edge features at 3.6 eV.
As Co2+ differ in size from Mn2+ cations, Co2+-doped clusters may differ in their
lattice structure and may not automatically exhibit the same optical and magneto-optical
properties as their Mn2+- doped counterparts. Figure 5.1 summarizes the magneto-otical
properties of Co2+-doped (CdSe)13 clusters (xCo = 7%). The full spectrum contains both
the band edge transition at around 3.6 eV as well as a feature related to the Co2+ ligand
field transition 4A2→4T1(P) at about 1.7 eV. While the latter reflects the breaking of the
spin degeneracy for internal Co2+ ligand field energy terms (discussed in detail below), the
band edge splitting directly evidences the sp-d exchange interactions between the band
charge carriers and the magnetic moments of the Co2+-dopants, proving that the Co2+ is
incorporated magneto-optically active. Just as their Mn2+-doped counterparts, the band
edge of the Co:(CdSe)13 consists of a multitude of transitions overlapping each other, with
a dominant, energetically lowest peak exhibiting a negative Zeeman splitting (maximum
followed by a minimum in energy in MCD). In analogy to Mn:(CdSe)13, this peak can be
assigned as the ±1L transition of the 1S3/21Se exciton fine structure.
Magnetic field dependent MCD spectra as well as the corresponding absorption spectra
at 5K are shown in Figure 5.2a and b, respectively, for Co2+-doped (CdSe)13 with xCo =
10%. The absorption spectrum resembles well the spectrum shown in Figure 4.4 of Mn2+-
doped (CdSe)13 and can be analogously fit with four peaks, which can be attributed to the
fine structure peaks (±1L, 0L, ±1U and 0U) of the 1S3/21Se band edge transition following
the procedure described in [31]. The Zeeman splitting for the energetically lowest ±1L
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Figure 5.2: (a) MCD spectra of the band edge transition at 5K and various magnetic
fields of a samples with xCo = 10% Co2+ concentration. (b) depicts the 5K absorption
spectrum including fits to the fine structure states. A dashed black line represents the
sum of the fitted peaks. In (c) the extracted Zeeman splittings of the ±1L transition
for the different samples used in this study are compared. Dashed lines represent linear
fits to the data, with the effective g factors given aside.
transition, as extracted based on the corresponding absorption peak width and height,
is depicted in Figure 5.2c, compared to values for Co2+-doped samples with xZn = 4%
and 7%, respectively. For all concentrations the Zeeman splitting increases linearly with
magnetic field, allowing extraction of effective g-factors (−35, −22 and −12, respectively,
for the different doping concentrations, see Figure 5.3c), which are significantly smaller
compared to the values obtained for Mn:(CdSe)13.
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Figure 5.3: Comparison between the concentration dependence of the effective g-factor
for Co2+- (red) and Mn2+-doped (blue) (CdSe)13, respectively. Supplementary effective
g-factors for Co2+-doped samples as determined by M. Sc. Severin Lorenz are depicted
in light red [113]. All measurements have been conducted at 5K and 1.43T to 1.6T.
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Figure 5.4: (a), Temperature dependence of the MCD signal for Co2+-doped (CdSe)13
with xCo = 10% at 1.6T. (b) depicts the decay of both the extracted Zeeman splitting
as well as the MCD amplitude with temperature for the same sample. A dashed black
line represents a Brillouin fit for the decay of the MCD amplitude according to Equation
4.7.
As the magnitude of the Zeeman splitting depends on both, the strength of the sp-d
exchange interaction (parameterized by the exchange coupling constants) as well as the
mean spin ⟨Sz⟩ of the dopant ensemble, this discrepancy can be partly explained by the
difference in the total spin moment between both cations (S = 32 for Co2+ compared to
S = 52 for Mn2+). While the exchange coupling constants for Mn2+ and Co2+ in bulk
CdSe are quite similar for both TM2+ ions (compare Table 2.4), ⟨Sz⟩ as estimated by
the Brillouin function is expected to decrease by a factor of ≈ 2 assuming T = 5K and
B = 1.6T due to the different values of S for Co2+ and Mn2+. Note that the gyromagnetic
factor also changes from gMn ≈ 2 to gCo ≈ 2.3 [132].
However, the difference in ⟨Sz⟩ does not account for the total discrepancy in the Zee-
man splittings between both cluster types. In particular, the trend in the Zeeman splitting
among samples with different Co2+ concentrations does not exhibit a Digital Doping be-
havior, but instead appears to increase monotonously with Co2+ concentration. Figure
5.3 for comparison includes additional data for two other samples containing xCo = 8%
and 10% [113], where especially the latter exhibits quite huge deviations in the extracted
Zeeman splittings between different measurements, as indicated by the error bars. This,
together with the strongly decreased mean Zeeman splitting compared to Mn2+-doped
clusters, might indicate an instability in the crystal lattice in case of Co2+doping, lead-
ing to strongly varying magneto-optical activities depending on, e.g., the exact sample
synthesis or the technique of thin film preparation for the optical characterization.
Figure 5.4 depicts the temperature dependence of the Co2+-doped sample with xCo =
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10%. The magneto-optical response can be traced up to room temperature not exhibiting
a sign inversion, which - as the intrinsic component is expected to exhibit a positive
splitting (elaborated above) - identifies the sp-d exchange interactions as origin of the
MCD signal. With increasing temperature the whole signal shifts towards lower energies
and decreases in amplitude, as depicted in Figure 5.4b together with the extracted Zeeman
splittings up to 64K. The decay can be described with a Brillouin fit utilizing a spin
heating temperature of about 11K, which is similar to Mn2+-doped clusters.
The temperature depended decays of the MCD amplitude for samples doped with
xCo = 4% and xCo = 7% are depicted in Figure 5.5. The MCD signals can be traced up
to 160K and 128K, respectively, until it vanishes below the signal-to-noise ratio. Both
decays can be described with Brillouin fits using similar spin temperatures as for the
Mn2+-doped clusters (7K and 8K, respectively), suggesting that those Co2+ ions which
are magneto-optically active behave similiar as the Mn2+ cations in Mn:(CdSe)13.
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Figure 5.5: Temperature dependent decay of the Zeeman splitting (black) as well as
the MCD amplitude (blue) for samples with xCo = 4% and xCo = 7% Co2+ concen-
tration, respectively. The dashed lines represents fits according to Equation 4.7.
5.1.2 Ligand Field Transition in Co2+-Doped (CdSe)13
Figure 5.6 depicts the room temperature absorption spectrum of Co:(CdSe)13 clusters in
dispersion. Besides the distinct band edge absorbance (3.6 eV) the spectrum reveals an
additional feature at 1.7 eV, related to the 4A2→4T1(P) Co2+ ligand field transition. The
ligand field feature, as enlarged in the inset, is composed of three distinguishable peaks,
which are related to the spin-orbit fine structure.
In first approximation, the spin-orbit interaction in TM2+ ions can be captured within
the Russel-Saunders coupling scheme [70], in which it is described as a small perturbation
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Figure 5.6: Room temperature absorption showing the spin-orbit fine structure of
Co:(CdSe)13. (a) depicts room temperature absorption of Co2+-coped (CdSe)13 with
xCo = 10%in a chloroform dispersion. The inset displays the spectral region of the
4A2→4T1(P) ligand field transition. In (b), the origin of the spin-orbit fine structure is
illustrated. After [122, 123].
acting on the terms set up by inter-electron repulsion and the Td ligand field. In general,
the number of states that arise from a spin-orbit split term is equal to either the spin
or the orbital multiplicity of the term, whichever is smaller [70]. While the ground term
of the observed 4A2→4T1(P) transition is not orbitally degenerated and thus does not
split, the excited 4T1(P) term is expected to split threefold (compare Figure 5.6b). The
4T1(P) term directly derives from the 4P free ion term of the Co2+. Each energy level
may be classified by the spin S, the orbital momentum L and an additional total angular
momentum quantum number J , ranging from |L− S| to |L + S|, i.e. J = 52 , 32 and 12 for
the 4P term (L = 1 and S = 32) [122, 123]. The quantity of the splitting is described via
the spin-orbit coupling parameters λso for a term (i.e., a defined combination of several
3d electrons) and ζso for a single 3d electron, related as λso = − ζso2S for more-than-half-
filled d shells (λso = − ζso3 here) [70]. The energy separation between two levels J and
J + 1 equals to λso(J + 1), generating the pattern depicted in Figure 5.6 for the so-called
inverted spin-orbit multiplet (giving respect to the negative λso) of the 4T1(P) term. In
case the symmetry is further reduced, i.e. due to lattice anisotropy, the 4T1(P) ground
spin-orbit term (J=5/2) is known to split twofold (compare Figure 5.6b), enabling the
observation of four spin-orbit peaks in the fine structure of the 4A2→4T1(P) transition,
e.g., in Co:ZnO or Co:CdS [122, 123].
A splitting into four spin-orbit peaks cannot be resolved in Figure 5.6. By fitting the
4T1(P) pattern with three Gaussian transitions, their overall splitting can be determined
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Figure 5.7: Most stable crystal structures of (CdSe)13 clusters. Depending on the
theoretical approach and the assumed ligands and solvents, either the core-cage-
structure (a) or the wurtzite-sliced structure (b) is estimated to be lowest in energy
and thus most likely to form [64–69]. Pictures are taken from [66], with the tetrahedral
cation lattice sites highlighted with red circles. Note that in (a) one tetrahedral cation
site is hidden behind an anion.
as 1161 cm−1, which corresponds to 4λso (compare Figure 5.6). For the Co:(CdSe)13 clus-
ters the spin-orbit coupling parameters can thus be estimated as λso ≈ −290 cm−1 or
ζso = 870 cm−1, similar to Co2+ in bulk CdSe (λso = −240 cm−1 [121]). The overall
4A2→4T1(P) splitting is constant (≈1100 cm−1) in most semiconductors like ZnTe, CdTe,
ZnSe [204], CdS, ZnS [123] and CdSe [121], where the Co2+-dopants are tetrahedrally
coordinated.
Considering the potential crystal structures of stable (CdSe)13, which are still con-
troversially discussed in literature [64–69], the number of fourfold coordinated Cd lattice
sites is limited. Figure 5.7 depicts the two structures of bare (CdSe)13 clusters, which are
considered as the most stable configurations based on DFT calculations [66]. While the
core-cage configuration exhibits four fourfold coordinated Cd lattice sites, all but one Cd
atoms are threefold coordinated in the wurtzite-sliced structure.
In a threefold coordinated configuration the central cation experiences a trigonal pla-
nar crystal field, which is known to split the different 3d orbitals into two, orbitally
twofold degenerated subsets (dxy, dx2-y2 and dxz, dyz) and the dz2 subset. Co2+ ions in a
trigonal planar crystal field do exhibit a ligand field transition at around 1.7 eV to 2.0 eV
in absorption [73, 205]. But this transition is not threefold orbitally degenerated and thus
does not exhibit the observed threefold split spin-orbit fine structure. The observation
of the 4T1(P) fine structure thus represents a strong evidence that the Co2+ ions are
tetrahedrally coordinated.
DFT calculations for methylamine capped (CdSe)13 clusters suggest that in clusters
prepared in octylamine or oleylamine (which share methylamine as terminal group), the
threefold Se coordinated Cd atoms are in addition bond to a nitrogen atom of the organic
ligands [66], creating a quite asymmetric pseudo-tetrahedral configuration. However, such
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an in-equivalence between the different ligands is expected to strongly increase the split-
ting between the fine structure of the 4A2→4T1(P) transition [206]. In Co:(CdSe)13 only
a small increase of the 4A2→4T1(P) energy splitting is observed (1161 cm−1 compared
to 1100 cm−1 in bulk Co:CdSe [121]). This may be rather caused by an in-equivalence
between the four Se anions surrounding the Co2+, as those may themselves be three or
fourfold coordinated [206, 207].
Considering the arguments above, the observed threefold spin-orbit fine structure rep-
resents a strong evidence that the Co2+ embedded in (CdSe)13 experiences a tetrahedral
environment. It suggests that the Co2+ ions are embedded on fourfold Se-coordinated Cd
lattice sites and are not embedded threefold coordinated.
5.1.3 Evidence of Shortened Co-Se Bond Lengths in
Co:(CdSe)13
Each of the spin-orbit split states classified by L, S and J is (2J + 1)-fold degenerate
according to the different projections of the total angular momentum along an external
magnetic field. This degeneracy is lifted upon the appliance of an external magnetic field,
introducing a MCD feature. While absorption spectroscopy is superimposed by scattering,
which prohibits investigation of the 4A2→4T1(P) transitions at cryogenic temperatures (as
those measurements need to be done on thin film samples in a cryostat exhibiting increased
scattering), the MCD signal intrinsically does not contain a scattering background. This
allows resolving the fine structure of the ligand field transition in MCD, which becomes
more distinct at low temperatures due to the decreasing band widths stemming from
reduced fluctuations in the ligand-metal distances [70].
Figure 5.8a compares the absorption and MCD spectra of Co:(CdSe)13 clusters with
xCo = 10%. While the spin-orbit fine structure peaks are hardly resolved in absorp-
tion, the MCD signal exhibits a pronounced pattern, exhibiting a dominant maximum
followed in energy by two clearly separated maxima. As that ligand field transitions
in general derive from degenerated ground as well as excited states, they do not ex-
hibit distinct A -terms, but rather represent a superposition of different MCD contri-
butions. Figure 5.8b depicts MCD spectra of the 4A2→4T1(P) transition at 5K and
1.6T for clusters with xCo = 4%, 7% and 10%. The observed feature is completely
consistent in shape with low-temperature MCD spectra of Co2+ cations embedded in
CdSe quantum dots (compare Figure 5.8c) [71]. Note that the ligand field transition
of Co2+ embedded in DMS QDs generally does not differ from those in bulk DMS,
as due to the high number of atoms contained in one nanocrystal (several hundreds
up to thousands), most Co2+-dopants experience the same environment as in the bulk
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Figure 5.8: Co2+ ligand field transition in Co:(CdSe)13. (a) MCD and absorption spec-
tra at 5K and 1.6T of the 4A2→4T1(P) transition in samples doped with xCo = 10%.
The dashed line highlights the dominant minimum. In (b) MCD spectra at 5K and
1.6T of samples with xCo = 4%, 7% and 10% are compared. (c) depicts reference
spectra of the same transition in Co:CdS and Co:CdSe QDs at 5T and similar temper-
atures (5K to 6K) from [71]. Dashed lines in panels (b) and (c) highlight the energetic
positions of the dominant minimum in MCD for Co:CdSe (blue) and Co:CdS (green)
QDs, respectively.
material. The fact that the MCD signal of the 4A2→4T1(P) transition in Co:(CdSe)13
is equivalent in shape to the signal in Co2+-doped CdSe QDs represents a final proof
that the Co2+ cation experiences a nearly regular tetrahedral environment of ligands.
It is striking, that the MCD spectra of samples with different Co2+ concentrations do
not change in shape or energy, which leads to the suggestion that the Co2+ cations
in both monodoped as well as bidoped clusters experience similar ligand fields indi-
cating their emplacement on equivalent lattice sites. This observation suggests that
the Co:(CdSe)13 clusters consist of a core-cage structure rather a than wurzite-sliced
one.
Closer comparison of the energetic position of the 4A2→4T1(P) transition with liter-
ature references (compare the position of the dominant minimum as highlighted with a
blue or green dashed line for Co:CdSe and Co:CdS QDs from [71]) reveals a significant
shift in energy. As can be deduced from Figure 2.13, the energy of the 4A2→4T1(P)
transition depends on the ligand field strength ∆LF, suggesting that the Co2+ ions
in the (CdSe)13 clusters experience an enhanced ∆LF as compared to those embed-
ded in conventional QDs. A similar enhanced value for the ligand field energy has
been observed in small Co2+-doped CdS clusters, increasing with decreasing cluster size
[74].
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Figure 5.9: Extraction of the Co-Se bond length in Co:(CdSe)13. (a) depicts a Tunabe-
Sugano diagram for tetrahedral Co2+. The transition energy E(4A2 → 4T 1(P )) and
∆LF are indicated for the clusters (red) and Co:CdSe (blue), Co:CdS (green) and
Co:ZnSe (turquoise) QDs. After [116]. In (b) the extraction of the Co-anion bond
length based on Equation 5.1 is illustrated.
Table 5.1: Racah parameter BR for Co2+ in various II-VI semiconductors
BR [cm−1] reference
CdSe 599 [120]
CdS 610–664 [121, 122]
ZnSe 570–584 [120, 204]
Based on the crystal field theory (treating the ligand atoms as point charges), the
crystal field energy in a tetrahedral symmetry can be derived as:
∆LF =
4
9
1
6
ZLFe
2r4
a5
(5.1)
Herein ZLF denotes the charge state of the ligand atoms, e is the elementary charge, r4
denotes the mean of the radius to the power of four of the 3d orbitals and a the TM-anion
bond length. Although this zero-th order approximation significantly and systematically
underestimates the crystal field splitting, it could be shown empirically that ∆LF indeed
varies with a−n, with 5 < n < 6 [70, 208, 209]. This correlation allows relating a shift in
the ligand field strength ∆LF to a change in the bond length between the central transition
metal ion and the anions, provided that all of the anions are of the same type [70], as it
is the case in the Co:(CdSe)13 clusters.
Figure 5.9a illustrates the determination of the ligand field energy ∆LF for the
Co:(CdSe)13 clusters based on the observed energetic position of the 4A2→4T1(P) transi-
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Table 5.2: Extraction of the Co-anion bond length. The energy of the 4A2→4T1(P)
transition as well as extracted ∆LF values for Co2+ in CdSe, CdS and ZnSe quantum
dots are taken from cryogenic temperature MCD spectra in [71, 126]. Reported Co-Se
bond lengths in Co2+-doped CdSe, CdS and ZnSe are listed from literature [75, 123].
E(4A2 → 4T 1(P )) [eV/103 cm−1] ∆LF/10 [cm−1] a [Å]
Co:(CdSe)13 1.71 / 13.8 376 2.393− 2.409
Co:CdSe QDs 1.61 / 13.0 313 2.484[75]
Co:CdS QDs 1.69 / 13.7 290 2.52[123]
Co:ZnSe QDs 1.64 / 13.2 349 2.433[75]
tion. As the 4A2→4T1(P) transition is normally spread over a width of ≈1100 cm−1 due to
spin-orbit coupling, the energy position E(4A2 → 4T 1(P )) of the transition is commonly
deduced either as the maximum [75] or the center of gravity [70] of the 300K absorption
spectrum. In Co:(CdSe)13 the energetically lowest absorption peak of the spin-orbit split
4A2→4T1(P) transition at cryogenic temperatures in a first approximation coincides with
the dominant minimum in MCD (compare Figure 5.8a). This peak represents the maxi-
mum in the room temperature absorption (compare Figure 5.6), and thus the dominant
maximum in MCD - being clearly pronounced in the spectrum - is taken as the transition
energy E(4A2 → 4T 1(P )) of the 4A2→4T1(P) transition. Considering the Tunabe-Sugano
diagram for Co2+ in a tetrahedral ligand field the corresponding ligand field energy ∆LF
can be extracted (compare Figure 5.9a), provided that the Racah parameter BR for the
material system is known. Those can be taken from literature (compare Table 5.1). For
Co:(CdSe)13 a ∆LF of 3760 cm−1 can be extracted.
In order to verify this optical approach to extract quantitative values for the Co-Se
bond length, the same approach was applied to Co2+-doped CdS and ZnSe DMS QDs.
Values for E(4A2 → 4T 1(P )) were extracted in an analogous manner based on ligand field
transition MCD spectra from literature [71, 126]. The extracted energetic positions of the
4A2→4T1(P) transition in eV and cm−1, as well as the extracted ∆LF are listed in Table
5.2.
Based on the determination of ∆LF, the values of the bond lengths can be extrap-
olated starting from the Co-Se bond length in Co:CdSe QDs, as known from literature
(aCo:CdSeQDs = 2.484Å [75]), using Equation 5.2.
a = aCo:CdSeQDs n
√
∆Co:CdSeQDsLF /∆LF = 2.484Å n
√√√√313 cm−1
∆LF/10
(5.2)
Figure 5.9b plots the range (grey region), which is extrapolated for the Co-anion bond
lengths assuming n = 5 to 6. Green and turquoise dots indicate experimentally determined
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Co-anion bond length from literature for Co:CdS and Co:ZnSe QDs (data is listed in Table
5.2). They exhibit quite nice agreement with the estimated dimensions of the bond lengths.
This proves that the approach presented here to extract Co-anion bond lengths from the
4A2→4T1(P) transition energy provides reliable values.
Based on this, the Co-Se bond length in Co:(CdSe)13 clusters can be extrapolated to lie
between 2.393Å and 2.409Å (red line in Figure 5.9b). This is about 3.0% to 3.6% smaller
as compared to Co2+-doped QDs or bulk DMS. This shortening in the bond length mirrors
how the small (CdSe)13 cluster, with mostly all atoms being placed on the surface, is able
to respond to a difference in size for one of the 26 atoms. To compare this shortening to
the situation in undoped as well as Mn2+-doped clusters, extendend X-ray absorption fine
structure (EXAFS) measurements on those three types of clusters are discussed in the
following.
5.1.4 Validation of the Co-Se Bond Length via EXAFS
For EXAFS measurements the modulation of the X-ray absorption right above the K-
edge is examined, enabling characterization of the local atomic coordination of a specific
element. In case of the Mn2+- and Co2+-doped (CdSe)13 clusters, the Cd, Mn and Co K-
edges were examine to determine the Cd-Se, Mn-Se and Co-Se bond lengths. All EXAFS
measurements and data analysis outlined in this chapter have been conducted in the group
of Prof. Taeghwan Hyeon at the Seoul National University.
Figure 5.10: X-ray absorption raw signal at a characteristic absorption edge. ∆µ0 and
µ0 are indicated. From [210].
X-ray absoption at the K-edge occurs through the photo-electric effect, as soon as the
X-ray energy is large enough to lift an electron from the K-shell to continuum. In this case
the absorption ∆µ0 increases sharply, corresponding to the characteristic K-absorption
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edge. The energy needed for this absorption process depends on the element under study,
i.e. whether the Cd, Mn or Co K-edge is evaluated. The ejected photoelectron, whose
kinetic energy is provided by the excess energy of the absorption process, is scattered
at the neighboring Se atoms, returns back to the absorbing atom (Cd, Mn or Co) and
interferes with itself. The amplitude of the backscattered photoelectron at the absorbing
atom, variing with energy, causes small oscillations in the absorption coefficient, which
represent the EXAFS signal χ. In order to extract χ [210], a bare-atom background µ0 is
subtracted from the raw absorption data µ and the signal is normalized by the edge step
∆µ0 (compare Figure 5.10):
χ(E) = µ(E)− µ0(E)∆µ0 (5.3)
As EXAFS represents an interference effect of the photo-electron, it is convenient to scale
the energy axis in terms of the photo-electron wavenumber kPE. In addition χ is often
weighted by k2PE or k3PE to enhance the visibility of more distant oscillations. Figure 5.11
depicts k3PE-weighted EXAFS spectra of Mn2+-doped (CdSe)13 clusters with different dop-
ing concentrations at both the Cd K-edge, giving insights into the structural environment
of the Cd atoms in the clusters, as well as the Mn K-edge, which exclusively probes the
environment of the dopants.
Figure 5.11: (a), k3PE weighted Cd and Mn K-edge EXAFS oscillations of Mn2+-
doped clusters with different doping concentrations. The black, red, blue and green
line represent the Cd K-edge signals of Mn2+-doped clusters with xMn = 0%, 4%,
7% and 10%, while the violet lines represents the Mn K-edge in Mn2+-doped clusters
with xCo = 10%. (b) depicts the magnitude |χ(R)| of the Fourier-transformed EXAFS
spectra shown in (a). [211]
To extract quantitative structural measures, the EXAFS signal can be described with
the EXAFS equation, which sums up over the different coordination shells (i) around the
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Table 5.3: Bond lengths as extracted from the quantitative analysis of the Cd and
Mn K-edge EXAFS spectra. The Co-Se bond length is estimated from the shift in
the Fourier-transformed |χ(R)|. For the analysis the coordination number is always
fixed to 3, which is in contrast to the observation that the Co2+ ions are embedded on
tetrahedrally coordinated lattice sites, as evident from the shape of the MCD spectrum.
Note that this difference in the coordination number between 3 and 4 for the fit only
influences the χ amplitude, while extracted bond lengths determined by the shape of
χ are not affected.
Sample Concentration Cd-Se
Cd K-edge
Mn-Se
Mn K-edge
Co-Se
Co K-edge
(CdSe)13 − 2.61Å − −
Mn:(CdSe)13 xMn = 4% 2.60Å − −
Mn:(CdSe)13 xMn = 7% 2.60Å − −
Mn:(CdSe)13 xMn = 10% 2.60Å 2.56Å −
Co:(CdSe)13 xCo = 4% 2.61Å − −
Co:(CdSe)13 xCo = 7% 2.61Å − −
Co:(CdSe)13 xCo = 10% 2.60Å − ≈ 2.38Å
absorbing atom [210]:
χ(kPE) =
∑
i
Ncoifscati(kPE)e−2kPE
2σ2Ni
kPERai
2 sin[2kPERai + δscat(kPE)] (5.4)
Herein Ncoi denotes the coordination number of a specific shell i, Ra the distance to
the neighboring atoms (i.e. the bond length for the first shell), σ2N is the mean - square
disorder among the neighboring atoms and fscat and δscat are the scattering amplitude and
phase shift, respectively. While the signals of different shells interfere with each other, a
Fourier transformation is able to separate the coordinations shells, becoming apparent as
isolated peaks in the Fourier-transformed amplitude |χ(R)|. As the (CdSe)13 clusters do
not exhibit a higher order of crystallinity, the amplitude of the Fourier-transformed |χ(R)|
simply contains one peak corresponding to the Cd-Se or Mn-Se bond length, respectively
(compare Figure 5.11b). The peak position in the R space corresponds to the bond length,
but is shifted according to δscat (compare Equation 5.4), which depends on the atomic
number Z and can be assumed to be constant for all measurements presented here, as the
nearest neighbors consist of Se in all cases. Table 5.3 lists bond lengths as extracted from
fitting |χ(R)| to Equation 5.4. While the Cd-Se bond length is not significantly affected
in case of doping, the Mn-Se bonds are shortened by 2% compared to the other bonds in
the clusters.
Figure 5.12 depicts the magnitude of the Fourier-transformed |χ(R)| of the Cd K-edge
in Co2+-doped (CdSe)13 clusters (corresponding bond lengths are listed in Table 5.3),
which do not differ strongly from the Mn2+-doped clusters. In strong contrast to this,
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Figure 5.12: EXAFS characterization of Co2+-doped (CdSe)13. (a) depicts the
Fourier-transformed |χ(R)| of the Cd K-edge in Co2+-doped (CdSe)13 MSCs with dif-
ferent doping concentrations between 0% to 10%, while in (b) the Fourier-transformed
|χ(R)| signals of the Cd and the Co K-edges are compared for clusters with xCo = 10%.
the Co-K edge is significantly shifted in the R-space as compared to the Cd-K edge. As
outlined above, the shift between the peak position in the R-space and the real bond length
can be assumed to be constant, so that the Co-Se bond length can be roughly estimated
based on the displacement of 0.22Å to the peak of the Cd K-edge, representing the Cd-Se
bond length of 2.6Å. The Co-Se bond length can thus be estimated to be about 2.38Å.
This value exhibits nice agreement with the range extracted from the energetic position
of the 4A2→4T1(P) transition (2.393Å to 2.409Å), validating the optical approach to
extract structural measures presented here. Together, both characterization techniques
represent an unambiguous proof of significantly shortened bond lengths in (CdSe)13 due
to the replacement of single Cd2+ ions by Co2+. Interestingly, while the Mn-Se bonds are
only shortened by about 2% with respect to the Cd-Se bonds, this deviation is more than
four times greater (≈ 9%) in case of Co2+ doping.
It is conceivable, that this significant deviation in the structure generates an insta-
bility of the clusters, representing a possible origin for the unexpected dependence of the
magneto-optical response of the band-edge with Co2+ concentration.
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5.2 Anomalous Strong Bandgap Shift with Temper-
ature in Nanoclusters
As in most semiconductors the majority of optical properties is conditioned by the
characteristics of their crystal lattice, it is expected that the reduced size of the MSCs
influences their optical behavior. The fundamental electronic structure, as revealed in
the absorption or emission spectrum, directly derives from the atomic lattice. Besides an
increase of the bandgap due to the quantization energy, the reduced size in MSCs allows
the observation of magneto-optically active and inactive transitions of the exciton fine
structure, as has been previously discussed [31].
The crystal lattice also determines the phonon dispersion, which, defines the impact of
thermal energy on the electronic structure via electron-phonon coupling, becoming appar-
ent in the temperature dependence of the bandgap. The fundamental bandgap operates
as a fingerprint for semiconductors, determining their electrical and optical properties
and therefore defining their possible applications. For most semiconductors - including
silicon, the base material for modern electronics, as well as most group IV, II-VI and
III-V materials (with the exception of lead salts and perovskite materials) - the bandgap
decreases monotonically with increasing temperature, known to result from a superposi-
tion of electron-phonon interactions and the thermal lattice expansion. As both factors
scale with the occupation number of the involved phonon modes [77, 95], the temperature
dependent shift of the bandgap depends on the phonon dispersion, which directly results
from the lattice, i.e. the rigidity of the bonds and the crystal structure of the material.
In (CdSe)13 MSCs most of the lattice sites can be considered as surface with varying
number of coordinating atoms and thus number of bonds (compare Figure 5.7). This
suggests alteration of the temperature dependence of the bandgap. In this chapter it is
shown that the fundamental bandgap in (CdSe)13 exhibits an anomalous strong depen-
dence on temperature compared to most bulk materials and conventional quantum dots
(either colloidal or epitaxial). The temperature dependent shift is monitored via different
techniques in undoped as well as doped MSCs to avoid misinterpretation related to the
different peaks of the fine structure, and interpreted within a thermodynamical approach.
5.2.1 Temperature Dependent Absorption and Stokes Shift in
(CdSe)13
Figure 5.13 depicts temperature dependent absorption measurements of undoped (CdSe)13
clusters. With increasing temperature the collective of absorption peaks shifts to lower
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energies additionally affected by broadening. Comparison between cryogenic and room
temperature reveals a shift for the dominant maximum of about 160meV. This value
is nearly twice as big as what is usually observed in bulk CdSe [202]. The band edge
absorption below 4.0 eV results from a superposition of several fine structure peaks of the
1S3/21Se transition as outlined above. In order to eliminate a mix-up between these peaks
as the origin of the observed anomalous strong temperature dependence of the bandgap,
additional experimental approaches to monitor the bandgap are performed.
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Figure 5.13: Temperature dependent absorption of undoped (CdSe)13 MSCs between
5K and 298K.
Figure 5.14a depicts the time-integrated PL spectrum of undoped (CdSe)13 clusters at
cryogenic temperatures, presenting a broad emission at around 3 eV and a narrow bandgap
emission at around 3.63 eV, which highlights the good quality of the prepared clusters.
The broad emission might be caused by defects, e.g. unsaturated surface atoms, whose
dangling bonds are known to introduce mid gap states [212]. Upon increasing the spectral
resolution the band edge emission reveals at least three different peaks at 3.64 eV, 3.66 eV
and a shoulder at 3.69 eV, compare Figure 5.14b. In order to distinguish the origin of
these peaks, the transient PL signal was examined by means of a Streak camera, allowing
simultaneous characterization of the time dependence of all peaks. A Streak image of the
band edge feature with the intensity plotted in a logarithmic scale is depicted in Figure
5.14c, exhibiting an intense short component with lifetimes in the dimension of the time
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Figure 5.14: Time-integrated and time-dependent PL spectra of undoped (CdSe)13.(a)
depicts the time-integrated PL (excited at 270 nm and 30µW with a frequency tripled
Ti:Sapphire laser at 8K). In (b) a high-resolution time-integrated spectrum is compared
to the short (orange) and long component (green) of the transient PL signal after 100 fs
excitation, as extracted from the Streak image shown in panel (c) (both excited with
a 270 nm frequency tripled Ti:Sapphire laser with 3µW at 8K).
resolution (< 10 ps), accompanied by a weak long component, which lifetime exceeds the
2 ns window of the Streak camera. Since the slow component is still visible at the end of
the 13 ns pulse (depicted at negative times at the top of the Streak image), its lifetime
can be estimated to be > 10 ns, limited by the Ti:Sapphire repetition rate.
Time traces shown in Figure 5.14b taken right after the laser excitation at 0 ns (orange
arrow in Figure 5.14c) and at the end of the Streak window after ≈ 1.76 ns (green arrow)
show that both components, the long as well as the short one, consist of two distinguish-
able peaks. Comparison with the time integrated PL spectrum (compare Figure 5.14b)
indicates that the slow components causes the two main peaks in the time integrated
spectrum, while the short components accounts for the small shoulders at around 3.62 eV
and 3.69 eV.
Comparison between the absorption and the short-term emission, depicted in Figure
5.15b reveals that the short components most likely represent the two lowest fine structure
states of the 1S3/21Se, i. e. the ±1L and 0L state. Absorption and emission are fit with two
and five Gaussian fits, respectively, applying identical widths and similar peak positions
varying by less than 10meV (corresponding to 1 nm deviation for the wavelength). Here,
the absorption fine structure is fit to five instead of four peaks (including a transition
related to the ±2 state), as the shoulder on the high energy site of the first absorption
feature reveals an additional contribution between 3.65 eV and 3.75 eV. Increased optical
activity of the formally forbidden ±2 states has been observed either due to magnetic
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Figure 5.15: Temperature dependent TRPL characterization of undoped (CdSe)13.
(a) and (b) compare the absorption at cryogenic temperatures (taken from Figure 5.13)
and a time -resolved PL spectra integrated within the first 50 ps after laser excitation
from a Streak image (excited with a 270 nm frequency tripled Ti:Sapphire laser with
3µW at 5K). Absorption and emission spectra are fit with five and two Gaussian
fits, respectively, attributed to the fine structure of the 1S3/21Se excitonic transition,
applying identical widths and peak positions within the experimental resolution (1 nm,
corresponding to about 10meV). (c) depicts the temperature dependent shift of the
short component (< 50 ps) of the transient PL spectra, as extracted from Streak images
(excited with 20µW). Note that the spectra in panel (b) and (c) are taken at different
days on freshly prepared samples.
field induced mixing with bright states [106, 107, 213, 214] or through exchange coupling
with surface dangling bonds [107, 215] and may thus be conceivable in (CdSe)13 clusters.
Coinciding in energy for absorption and short-term emission, the two energetically
lowest transitions (±1L and 0L) exhibit quasi no Stokes shift. This is in contrast to what
is known for conventional QDs, where the fine structure cannot be resolved and which
exhibit a non-resonant (i.e. excitation far above the band edge) Stokes shift of 100meV
in QDs approaching diameters below 2 nm [106, 108, 109, 216]. Although the impact of
the different influences is still under discussion [109, 216], it is widely accepted that the
energy shift between emission and absorption in these systems results from an interplay
of the band edge fine structure, the influence of optical and acoustic phonons and the
size distribution. In conventional size distributed QD ensembles the peak position in
PL for non-resonant excitation is determined by the largest crystals in the ensemble,
as the absorption far above the band edge (where the laser is absorbed) scales with the
number of states, which is proportional to the crystal volume [217]. The excitonic band
edge absorption on the other hand is supposed to follow the size distribution [106] (recent
observations suggest a linear increase of the band edge absorption with size [218]), evoking
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a shift between the mean energy of emission and absorption. However, due to the specific
nature of the clusters consisting of a discrete number of 26 atoms, our measurements
are not significantly affected by broadening due to size distribution. Simultaneously, the
strong quantum confinement allows spectral differentiation between the individual fine
structure states.
In conventional QDs the energetically lowest, optically forbidden ±2 state dominates
the emission, while the absorption is centered at the mean position of the optically active
states, and no un-shifted short term luminescence is recorded due to an efficient energy
transfer to the ±2 ground states. A possible explanation for the extraordinary appearance
of the unshifted fine structure peaks in time resolved PL compared to absorption in case
of (CdSe)13 MSCs may be provided by an inversed order of the fine structure states,
suggesting that the third peak in energy is related to the ±2 dark state. An inverted
order of the fine structure has previously been proposed for small, anisotropic crystals
[219].
Identification of the short component as being related to the ±1L and 0L states of the
fine structure provides the base for tracing the temperature dependence of the bandgap
via transient PL spectroscopy, which is depicted in Figure 5.15c. Although exhibiting
increasing signal-to-noise ratios due to decreasing intensities, the 0L transition can be
traced up to room temperature. Between room and cryogenic temperatures the signal
shifts by about 160meV, which is similar to the temperature dependence observed via
absorption.
5.2.2 Bandgap Shift in Mn2+-Doped (CdSe)13 with Temperature
Doping with transition metals provides an alternative experimental access to the elec-
tronic structure of the MSC: The sp-d exchange interactions between the band charge
carriers and the spins of the transition metals introduce pronounced magneto-optical re-
sponses, which allow precise determination of the energetic position of the energetically
lowest ±1L transition in Mn:(CdSe)13 (compare Section 4.1.3). Figure 5.16a depicts the
temperature dependence of the MCD signal for Mn2+-doped clusters with xMn = 2%.
Exceeding the intrinsic Zeeman splitting by more than an order of magnitude, the sp-d
exchange interactions in Mn2+-doped clusters strongly increase the magneto-optical re-
sponse of individual transitions compared to undoped (CdSe)13, thus allowing to trace
the bandgap shift all the way up to room temperature. As the sign reversal of the MCD
signal precisely marks the ±1L transition, it can be unambiguously traced precluding
any confusion between the different fine structure states. Comparison between cryogenic
and room temperature signals reveals a shift of about 190meV, which even exceeds the
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shift observed in undoped (CdSe)13. A similar shift (≈ 165meV for the first absorption
maximum) is revealed in the absorption of the same sample (compare Figure 5.16b), in-
dicating that the 0L transition being the dominant absorption peak shifts parallel to the
magneto-optically active ±1L transition.
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Figure 5.16: Temperature dependence of the bandgap in Mn2+-doped clusters. (a)
depicts MCD spectra of Mn2+-doped (CdSe)13 with xMn = 2% between 5K and 300K
at 1.6T, allowing tracking of the ±1L transition. The inset shows the room tempera-
ture signal. (b) depicts the corresponding absorption spectra (collected with the MCD
setup).
In addition to the magneto-optical activity the partial replacement of cations by Mn2+
also changes the emission, introducing a characteristic orange luminescence originated by
the Mn2+ internal 4T1→6A1 transition, which is excited by an energy transfer from the
band edge. Monitoring the intensity of this emission using PLE spectroscopy represents
an additional approach to the band edge electronic structure.
The development of PLE spectra with temperature is shown in Figure 5.17. Similar
to absorption the PLE spectra exhibit a superposition of the various peaks of the fine
structure, but with significantly deviating shape. The 4K spectrum exhibits a maximum at
around 3.69 eV accompanied by a low energy shoulder at 3.63 eV, most likely corresponding
to the 0L and±1L transitions, respectively. In contrast to the absorption spectrum, PLE in
addition reveals a distinct peak at 3.75 eV, i.e., in the spectral region where the ±2 state is
hypothesized. The broad maximum at around 3.88 eVmay be attributed to a superposition
of the ±1U and 0U states. While the intensities of the various peaks in absorption only
depend on the oscillator strengths of the corresponding transitions, the intensity of the
PLE peaks also includes the efficiency of the energy transfer from the absorbing states
to the emissive Mn2+ ions. Although the precise mechanism of the energy transfer from
the band charge carriers to the Mn2+ is still under debate, it is widely accepted to be
5.2 Anomalous Strong Bandgap Shift with Temperature in Nanoclusters 111
3 . 2 3 . 4 3 . 6 3 . 8 4 . 0
 2 9 8  K 2 6 0  K     2 2 4  K 1 9 2  K    1 6 0  K 1 2 4  K      9 6  K   6 4  K       4 8  K   3 2  K      2 4  K   1 6  K         8  K     5  K    P
LE 
Inte
nsit
y [a
rb. 
u.]
E n e r g y  [ e V ]
1 . 8 2 . 0 2 . 2 2 . 4
6 A 1
4 T 1
E n e r g y  [ e V ]
PL 
Inte
nsit
y  [a
rb.u
.]
C B
V B
Figure 5.17: PLE spectra of Mn2+-doped clusters with xMn = 2% probed at the
Mn2+ internal ligand field transition at 2.1 eV between 5K and 300K. The energy
axis is shifted by 26meV to higher energies to compensate aging of the sample. The
inset exhibits the time-integrated PL spectrum in the region of interest, revealing the
corresponding Mn2+ transition, and a scheme representing the energy transfer from the
band states.
spin-dependent [26, 220–223]. Deviations between the shape of both spectra may thus
indicate differences in the energy transfer from the individual fine structure states to the
Mn2+ cations.
Although the dominant PLE peak exhibits a shoulder at the low energy side that
dissolves with increasing temperature, it can be tracked up to room temperature. Similarly
to the MCD signal PLE spectroscopy reveals an energy shift of about 200meV between
5K and 300K. Together, the MCD and PLE characteristics of Mn2+-doped (CdSe)13
confirm the anomalous temperature dependence of the band edge observed in undoped
(CdSe)13, eliminating a mix-up between different fine structure transitions as origin of the
observed anomalous strong bandgap shift.
5.2.3 Thermodynamic Interpretation of the Enhanced Temper-
ature Dependence
For the evaluation of the temperature dependence, the band edge in undoped as well as
Mn2+-doped MSCs as determined with different experimental approaches are compared
in Figure 5.18. The peak position of the 0L transition in undoped (CdSe)13 is extracted
via Gaussian fits either from absorption or from the short component of the transient
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PL (integrated over the first 50 ps). For the magnetically doped Mn:(CdSe)13 clusters
the energetic position of the ±1L transition is taken as the energetically lowest zero
crossing in the MCD signal and the 0L is extracted from Gaussian fits to the PLE and
absorption measurements, respectively. The entity of transitions in both undoped as well
as magnetically doped clusters exhibits significantly enhanced slopes for the energy shift
with temperature above 80K by more than a factor of two compared to bulk CdSe (grey
dashed line), leading to extraordinary large total values for the energy shift between
cryogenic and room temperature between 152meV to 200meV.
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Figure 5.18: Anomalous strong bandgap shift with temperature in MSCs. Comparison
of the energy shift with temperature for different transitions from cryogenic to room
temperature for (a) undoped and (b) Mn2+-doped clusters, as extracted with different
experimental approaches. Grey lines in both panels represent reference data for bulk
CdSe [89]. Black solid lines depict fits of both data sets to O’Donnels equations.
Comparison to the temperature dependence of the bandgap for various other semicon-
ductors (compare Figure 5.19a) reveals that the magnitude of the temperature dependent
shift observed in (CdSe)13 MSCs drastically exceeds the bandgap shift in most common
semiconductors of group IV elements and III-V and II-VI compounds (traces are taken
from [94]). In conventional QDs, including both epitaxial and colloidal ones, the tempera-
ture dependent shift of the band edge transition is either found to be equal to [224] or even
slightly decreased compared to the bulk behavior. Figure 5.19b depicts the temperature
dependent shift of the 1S3/21Se transition for various colloidal CdSe QDs from literature
(all sources are based on absorption measurements). All samples, although possessing
diverse surface coverings like inorganic shells or organic ligands, exhibit very similiar tem-
perature traces of the band edge, not exceeding a total shift of 100meV between cryogenic
and room temperature, which is in stark contrast to what is observed in MSCs. In order to
rule out synthetic factors specific for our preparation process like incorporated impurities
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during synthesis or the amine-based ligands as a origin of the anomalous temperature
dependence, Dr. Jiwoong Yang in addition prepared own batches of CdSe QDs, covered
either with amine-ligands or with an anorganic ZnS shell, respectively. Both samples to-
tally match the temperature dependences observed in literature, as can be seen in Figure
5.19. In contrast to that, Mn:(ZnSe)13 (data taken from Figure 4.15) exhibits a similar
anomalous strong temperature dependent bandgap shift as the CdSe based MSCs, as can
be seen from the position of the MCD zero crossing illustrated in Figure 5.19. This clearly
underlines that the observed anomalous temperature dependence of the bandgap is not
restricted to a specific material system, but instead correlated to the specific structure of
the MSCs.
Figure 5.19: Temperature dependence of the bandgap of MSCs compared to bulk and
conventional colloidal quantum dots. (a) compares the temperature dependence of the
band edge transition in undoped as well as doped (CdSe)13 (all data inside the light
blue area) to the most important group IV, III-V and II-VI semiconductors (data sets
are plotted using the parameters and parameterization in [94]). In addition the shift of
the ±1L transition in Mn:(ZnSe)13 as extracted from the zero crossing of MCD spectra
(data in Figure 4.15) are shown for comparison. In (b) the temperature dependent shifts
of the bandgap for various CdSe based QDs (determined exclusively via the shift of the
absorption peak) are compared from literature (references are indicated by symbols:
♣-[216], -[224], -[225], ♠-[226]). In addition two CdSe QDs batches prepared under
similar conditions with both ZnS shell and covered with amines similarly as the MSCs
are shown.
While the temperature dependence of the bandgap in bulk semiconductors is widely
accepted as a cumulative effect of the thermal lattice expansion and electron-phonon inter-
actions [76], both scaling with the occupation number of the phonons [77, 95], additional
aspects have to be considered in case of strongly quantum confined MSCs. First, those
include changes in the Coulomb or confinement energy with temperature [224, 226, 227].
The confinement energy which can be approximated from the band edge difference be-
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tween (CdSe)13 and bulk to 1.8 eV in the clusters, is expected to change due to the lattice
dilatation. Considering the bulk lattice expansion at room temperature (2.5× 10−6K−1
to 4.3× 10−6K−1 [202]), it can be assumed that this effect reduces the energy by less
than 3meV between 100K to 300K, which is far not sufficient to explain the observed
behavior. Second, changes in the effective mass may also alter the confinement energy,
even if the idea of an effective mass approaches its limit in a structure consisting of 26
atoms. Since the effective mass is expected to decrease slightly with increasing tempera-
ture [224, 226, 228], this effect is expected to increase the confinement energy resulting in
a reduced redshift with temperature, which is in contrast to our observations Last, due to
the enhanced electron and hole wave function overlap the Coulomb energy scaling with
1/aQD (with the QD radius aQD) is enhanced [105]. As the Coulomb energy depends on
the dielectric constant varying with temperature from 9.17 to 9.96 between 100K and
300K in CdSe [202], the Coulomb energy decreases by about 5% in the same tempera-
ture range, which implies a reduced redshift in contrast to our observations. The effects of
quantum confinement and Coulomb interactions considered above can thus be excluded
as the main origin for the observed anomalous strong temperature dependence.
In a thermodynamical context the fundamental bandgap in bulk semiconductors can
be understood as the formation energy of an electron-hole pair, more precisely it equals
the standard Gibb’s energy of the equilibrium equation 0 → e + h [77, 229]. Thus, the
temperature dependent slope dEg
dT
can be interpreted as the formation entropy ∆Se−h
of this electron-hole pair at a given temperature T . To quantify ∆Se−h in the (CdSe)13
clusters the temperature dependent traces of the bandgap are fitted to a semi-empirical
oscillation model [77]. From bulk semiconductors it is known that the two qualitatively
different factors causing the temperature dependence, i.e. the lattice dilatation and the
electron-phonon coupling, are both proportional to the averaged occupation number of
the different phonon modes and can be described with semi-empirical expressions based
on Bose-Einstein terms [95]. In order to minimize the number of fitting parameters, the
temperature dependence of the (CdSe)13 bandgap was evaluated applying the single-
oscillator model of O’Donnel & Chen [77], which neglects any phonon dispersion:
Eg(T )− Eg(5K) = − 2Sfit⟨~ω⟩exp(⟨~ω⟩/kBT )− 1 (5.5)
Herein ⟨~ω⟩ denotes the average phonon energy and Sfit is a dimensionless coupling con-
stant proportional to the high temperature limit of ∆Se−h. Fitting of the data in Figure
5.18 (black lines) reveals enhanced Sfit values of 3.6 and 5.0 for undoped and doped
(CdSe)13 clusters, respectively, compared to Sfit = 2.5 ± 0.4 for bulk CdSe (averaged
among six literature sources [89]). This trend of enhanced Sfit is confirmed by the eval-
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uation of a total number of 14 data sets, including MCD, PLE, absorption and time
resolved photoluminescence (TRPL) data of (CdSe)13 doped with different doping con-
centrations (samples used in Chapter 4.1). Those reveal a mean Sfit of 4.4± 0.6 and
⟨~ω⟩ of 15.0± 3.7meV (compare Table 5.4). Since Sfit is proportional to ∆Se−h in the
linear regime above approx. 100K (∆Se−h(T → ∞) = −2SfitkBT [77]), those findings
can directly be ascribed to a 75% increase of the electron-hole pair formation entropy in
(CdSe)13 MSCs as compared to bulk.
To obtain a physical understanding of∆Se−h and how it depends on the phonon modes,
it is helpful to interpret the electron-phonon coexistence as vibrational states perturbed
by electronic states [79, 230]. The excitation of an electron-hole pair, i.e. the lifting of
an electron from a bonding state in the valence band into an antibonding state in the
conduction band, weakens the bonds and thus changes the individual phonon energies
(~ω → ~ω′). As the thermal occupation of the individual phonon modes depends on
the corresponding phonon energies, the phonon occupation can be assumed to change
upon optical excitation. The exciton formation entropy directly results from the change
of the occupation of the phonon modes due to optical excitation and can be expressed
as ∆Se−h = −kB∑phononmodes ln(~ω′~ω ), assuming a harmonic oscillator [79]. The anomalous
temperature dependence of the bandgap found in (CdSe)13 can thus be directly correlated
to the influence of optical excitation on the phonon modes.
Table 5.4: Statistics on the anomalous bandgap shift in (CdSe)13 MSCs, summarizing
the total bandgap shift between cryogenic and room temperature and the resulting
fitting parameters for various doped and undoped samples.
Experimental
approach
Mn2+
concentration
Eg(5K)-
Eg(300K)[meV]
Sfit ⟨~ω⟩
[meV]
2% 195 5.2 16.9
4% 160 3.4 9.8
MCD 6% 162 4.8 20.9
8% 150 4.0 15.7
10% 156 3.6 11.0
2% 200 4.9 13.2
PLE 4% 160 5.4 16.0
6% 162 5.1 19.1
0% 152 3.8 16.6
2% 189 5.0 18.3
absorption 6% 164 4.4 14.9
8% 169 4.3 11.8
10% 156 4.5 18.2
TRPL 0% 158 3.8 7.8
mean 166± 16 4.4± 0.6 15.0± 3.7
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This influence, which appears to be fundamentally different as compared to bulk ma-
terials or conventional QDs, can be visualized within the bond charge model [231], which
represents the bonds assuming an effective charge Zb per bond. Upon excitation of an
electron from the mostly-bonding valence to the mostly non-bonding conduction band
the bond charge is weakened by the electron charge distributed among the Nb bonds in
the crystal. This in a first approximation causes the phonon modes to change according
to [79]: (
~ω′
~ω
)2
= 1− e
NbZb
(5.6)
According to that the difference between bulk semiconductors or QDs and MSCs may be
originated by two impacts both resulting from the structure of the clusters.
First, the extraordinary high number of surface atoms is supposed to cause a reduction
in the phonon energies especially for acoustic phonon modes. This has been observed in
small semiconductor QDs and attributed to the surface region of the lattice [110, 232]. It is
plausible that phonon modes with reduced energy may be stronger affected by an optically
excited electron-hole pair. Thus, reduced phonon energies in (CdSe)13 compared to their
bulk counterparts may imply an increase of the exciton formation entropy. In addition,
each (CdSe)13 cluster is supposed to be capped with 13 oleylamine ligands [160], which
transfer a total charge of 1.43 e to the MSCs according to DFT calculations [66]. Being
collected in the predominantly anti-bonding conduction bands, this charges may reduce
the bond charge and additionally weaken the bonds, which also implies a reduction of the
phonon energies. However, as the single oscillator model used here neglects any phonon
dispersion and thus does not allow accurate extraction of ⟨~ω⟩, a change in the phonon
energies in (CdSe)13 compared to bulk cannot be extracted from the fitting parameters
(⟨~ω⟩ = 15.8± 4.4meV for (CdSe)13 compared to 16.7± 4.8meV for bulk CdSe).
A second impact, which has to be considered in MSCs, is the small number of bonds,
among which the optically excited charge is distributed. Depending on the controversially
discussed specific lattice structure [66] (compare Figure 5.7) the number of bonds in a sin-
gle cluster varies between 40 and 52, whereas bulk materials or even conventional colloidal
QDs own a huge multitude of hundreds to thousands of bonds. Upon optical excitation,
the bond charge is supposed to be drastically reduced introducing a strong decrease of
the phonon energy (~ω → ~ω′), which implies a large exciton formation entropy. Note
that due to the small volume the excitation of one single electron hole pair implies a
photo generated charge carrier density in the range of 1021 cm−3, which corresponds to
the regime of particularly high optical pumping in conventional semiconductors.
Taken both together, the anomalous temperature dependence of the bandgap observed
in (CdSe)13 MSCs, which is in strong contrast to the majority of semiconductors, most
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likely represents a direct consequence of the reduced lattice structure, precisely the high
number of surface atoms and the minimized number of bonds in a single (CdSe)13 cluster.
The remarkable strong bandgap shift is thus attributed to mainly arise from the optical
excitation, which is intended to serve as the probe for the bandgap.
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Chapter 6
Magnetic Exchange Interactions in
Wave Function Engineered
CdSe/Mn:CdS Hetero-Nanoplatelets
Two-dimensional semiconductors with thicknesses down to a few nanometers represent
key elements in modern, industrial-relevant micro- and optoelectronics. Built by molecular
beam epitaxy or metal-organic vapor phase epitaxy on crystalline substrates, these so-
called quantum wells exhibit extraordinary optical and electrical properties, like a stepwise
density of states and size-tunable energy states, which triggered the development of new
device types whith increased performance - including laser diodes, infra-red detectors and
high-performance transistors [233, 234].
Only recently, advances in colloidal chemistry allow the solution based synthesis of
free standing two-dimensional nanocrystals, which, depending on the synthesis route, are
denoted as nanoribbons [29, 57, 58], nanosheets [161], nanodiscs [235] or nanoplatelets
(NPs) [40–43]. The latter can be synthesized exhibiting uniform thicknesses corresponding
to a discrete number of monolayers (monolayer (ML)) and lateral dimensions of a few
tens up to hundreds of nm. They combine high ensemble color purities [236] and short
fluorescence lifetimes [35] with a distinct 2D electronic structure, large absorption cross
sections [237] and a minimal Stokes shift [238]. In contrast to epitaxial quantum wells
colloidal NPs combine structural flexibility with the possibility to be manipulated with
solution-based transfer processes on e.g., flexible substrates. This evokes increasing interest
for applications in tomorrow’s electronic- and optoelectronic devices like light emitting
diodes [239–241] or lasing applications [242–244].
Lately developed chemical approaches like the colloidal atomic layer deposition (c-
ALD) [45] allows the preparation of complex, heterostructured NPs such as core/shell
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[45, 46] or core/crown [47, 48] architectures. These heterostructures do not only provide
the opportunity to boost the luminescence quantum yield as the shell prevents the exciton
from non-radiative recombination via surface defects, but moreover enable precise tuning
of the band alignment and thus of the wave function distribution between the core and
shell or crown, to achieve various configurations like type I [245], quasi type II [48, 246]
or type II [247, 248] heterostructures.
Beyond that, c-ALD offers the possibility to introduce impurity atoms into colloidal
NPs [32, 49], which is so far not possible during the synthesis of the core. Only Mn2+-doped
CdSe nanoribbons, which are built out of Mn:(CdSe)13 clusters, represent an exception.
Those are dopable in the cluster stage, but exhibit a fixed thickness of ≈ 1.4 nm related
to the cluster size [37]. Incorporation of transition metal ions into the shell of NPs cre-
ates a new class of DMS materials, which combines a precisely tunable 2D electronic
structure with magnetic functionalities, originated by the magnetic exchange interactions
between the dopants and the spins of the charge carriers. In contrast to DMS QDs, the
two-dimensional electronic structure, in which the hh-X, lh-X and so-X transitions are
spectrally separated, allows to selectively address individual excitonic states with well-
defined hole characters.
Up to now confirmation of the magnetic exchange interactions in literature is only
provided by magneto-PL in multi-shell CdSe/Mn:CdS/CdS NPs [32]. This technique offers
information about the energetically lowest transition and thus does not allow distinction
between the contribution of localized states and free carriers in the conduction and valence
band, respectively [49]. In contrast to PL, the absorption-based technique of MCD enables
a direct investigation of the exchange interactions between the magnetic dopants and the
conduction or valence band charge carriers for different excitonic transitions.
Following the proof of sp-d exchange interactions with free band charge carriers, this
chapter demonstrates, how the variation of the core and the shell thickness and composi-
tion tunes the s-d and p-d exchange interactions by means of wave function engineering in
shell-doped CdSe(/MnS)/Mn:CdS core/shell NPs. In addition, the sensitivity for excitonic
transitions provided by MCD is utilized in combination with effective mass wave function
calculations to analyze the excited state electronic structure in these novel materials.
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6.1 sp-d Exchange Interactions in Shell-Doped
Nanoplatelets
Delikanli et al. demonstrated that the luminescent state in CdSe/Mn:CdS/CdS NPs ex-
hibits magnetic exchange interaction with the Mn2+-dopants [32], as the polarization of
the PL in an external magnetic field followed the magnetization of the Mn2+ ions. In [49]
it was hypothesized that the observed luminescence is related rather to a defect state
localized at the core/shell interface than to free carriers of the semiconductors conduction
and valence band, respectively. To verify the existence of direct s-d and p-d exchange
interactions, similar samples were investigated via MCD. The samples used for this study
were prepared by Dr. Savas Delikanli in the group of Prof. Hilmi Volkan Demir at the
Nanyang Technological University in Singapore and the Bilkent University in Ankara,
Turkey. Aiming at the manipulation of either the s-d or p-d exchange interactions, two
different sets of samples are prepared. The first one (set I) consists of an undoped CdSe
core of 2ML or 3ML thickness surrounded by either 6ML or 8ML Mn2+-doped CdS (3
or 4 ML on each side). The second set (set II) is composed of samples with a 2ML CdSe
core coated with 2ML MnS interlayer (one on each side) and additional 6 to 10ML (3 to
5ML on each side) of Mn2+-doped CdS.
6.1.1 Verification of sp-d Exchange Interactions
Figure 6.1b compares the MCD signal of (2) CdSe/(8) Mn:CdS NPs (see Table 3.1 for the
notation) at 5K and 1.6T with undoped samples of the same architecture ((2) CdSe/(8)
CdS). While the Mn2+-doped sample exhibits a bunch of transitions up to 3 eV, none of
them can be resolved in the signal of its undoped counterpart. AnA -type MCD feature, as
expected from a transition with a degenerated excited state, typically exhibits a deviated-
Gaussian line shape. Here the MCD zero crossing coincides with the corresponding peak
position in absorption. The shape of the feature reflects the sign of the Zeeman splitting,
i.e. for a negative splitting a maximum is followed by a minimum in energy and vice versa.
Comparison to the absorption of the doped sample (compare Figure 6.1a) reveals that
the two energetically lowest features coincide with the two dominant absorption peaks,
which are commonly attributed to the hh-X and lh-X excitonic transition in literature
[35, 36]. For clarity, all transitions in this chapter are denominated according to the
involved electron and hole states (e1hh1-X and e1lh1-X for the band edge hh-X and lh-X
transitions).
Although including some uncertainties the corresponding Zeeman splitting for the
e1hh1-X transition can be estimated to be in the range of −1.0± 0.5meV by fitting Gaus-
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Figure 6.1: Absorption (a) and MCD (b) spectra of (2) CdSe/(8) Mn:CdS NPs at
5K. The MCD spectrum (black) is measured at 1.6T and compared to an undoped
reference sample (grey) with equal architecture ((2) CdSe/(8) CdS). Spectral regions
of the e1hh1-X, e1lh1-X and e1so1-X transition are highlighted in orange, yellow and
olive, respectively, while dashed lines represent the calculated transition energies. The
insets depict a sheme of the sample (top) and a SEM image of the NPs deposited on a
silicon substrate (bottom, scale bar is 50 nm). Note that absorption and MCD spectra
are measured on different quartz glass samples prepared from the same dispersion.
sian peaks to the absorption. The splitting of the e1lh1-X exhibits an opposite sign with
a ratio between the e1lh1-X and e1hh1-X splitting of −0.54± 0.08. The third transition
at about 2.6 eV exhibits a negative sign of the giant Zeeman splitting.
In bulk zinc blende DMS (and also in anisotropic systems like quantum wells with their
predominant axis aligned parallel to the external magnetic field), the e1hh1-X is known
to split according to ∆EZhh = xeﬀ(γhhN0β − γeN0α) ⟨Sz⟩, exhibiting a negative splitting
for all values of γhh and γe, as both exchange coupling constants usually exhibit opposite
signs (N0α = 0.22 eV and N0β = −1.8 eV for Mn2+ in CdS [8]). Note that for shell-doped
NPs γe, γhh, γlh and γso correspond to the integrated wave function probability density
of the electron, hh, lh and so in the shell, respectively. For the MCD measurements the
NPs are prepared between two quarz glass substrates, where their orientation cannot
be directly determined. However, after preparation of the same dispersion on a silicon
substrate, SEM images reveal that the majority of the platelets is oriented parallel to the
substrate (compare lower inset in Figure 6.1b). As the substrate is placed perpendicular
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to the direction of the magnetic field, this implies that for most NPs the field is oriented
parallel to the quantization axis of the NPs ( #–B ∥ #–q ). The negative sign of the e1hh1-
X splitting, together with the absence of a magneto-optical response for the undoped
NPs, unambiguously proves sp-d exchange coupling interactions between the Mn2+ spin
ensemble and the conduction and valence band charge carriers.
For lh excitonic transitions the situation is more complex. In zinc blende bulk DMS
materials the e1lh1-X giant Zeeman splitting is described by ∆EZlh = xeﬀ(γlhN0β3 +
γeN0α) ⟨Sz⟩ and the exchange coupling components of the hole and electron partly com-
pensate each other. This leads to a small negative splitting in bulk zinc blende DMS [138,
139, 249], which can be inverted in sign in case of an anisotropic perturbation [142] e.g.
through a wurtzite lattice structure [147, 148], lattice strain [149] or a quantization axis
[37]. The observed positive splitting of the e1lh1-X in the NPs may thus be originated
by a combination of the strong quantization and potential strain in the nominally zinc
blende structured Mn:CdS shell.
The giant Zeeman splitting of the e1so1-X in bulk DMS follows∆EZso = xeﬀ(−γsoN0β3 +
γeN0α) ⟨Sz⟩, so that the electron and hole exchange coupling components amplify each
other towards a positive sign [140, 148]. Since this is not expected to alter in case of an
uniaxial perturbation in direction of the magnetic field, the e1so1-X splitting in the NPs is
expected to exhibit the opposite sign as compared to the e1hh1-X. This is the case for the
third transition at ≈ 2.6 eV. Hence, the sign of the magneto-optical response represents a
strong evidence for the assignment of this transition as the e1so1-X transition.
6.1.2 Double Potential Quantum Well Wave Function Calcula-
tions
In order to verify the assignment of the three energetically lowest transitions, the expected
transition energies are calculated assuming a two-step potential well.
Numerical implementation of the calculations were done in part by Dr. Pedro L.
Hernández-Martínez in the Group of Prof. Hilmi Volkan Demir and partly by Severin
Lorenz in the group of Prof. Gerd Bacher. Quantization energies as well as the hole
and the electron envelope functions were obtained solving the stationary Schrödinger
equation for a two-step double potential well, assuming an effective mass approximation
in analogy to the approach presented in [32]. The parameters used in the calculations are
given in Table 6.1. The potential height of the hetero-interface results from the conduction
(∆UCB) and valence band (∆UVB) offsets between CdSe and CdS (assumed as bulk values),
respectively, and is defined to be infinity outside the NP. Note that the band offsets for
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the conduction and valence band both differ between different literature sources, from
−0.3 eV to 0.3 eV for the former [250–253] and from 0.4 eV to 0.8 eV for the latter [252,
254, 255]. Effective masses for the electron, hh and lh (me, mhh and mlh) in the different
materials are taken from the Luttinger-Kohn parameters estimated in [35] for CdSe and
CdS NPs, while the so masses mso are taken from [256]. The potential step used for the so
hole results from the valence band offset between CdSe and CdS reduced by the difference
between the corresponding spin-orbit split-off energies ∆so.
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Figure 6.2: Transition energies (dashed lines) and wave function probability distri-
butions calculated assuming a double quantum well potential. (a) depicts the n = 1
electron, hh1 (orange) and lh1 (yellow) states and (b) the so1 state (olive). Correspond-
ing transitions are highlighted with colored arrows (note that in this representation the
exciton binding energy is not included).
Figure 6.2 depicts the relevant potential wells as well as the resulting energy levels
and the probability functions for the energetically lowest (n = 1) electron, hh1, lh1 and
so1 states. While the electron is delocalized among the whole NP thickness, the hh1 and
lh1 are largely confined within the NP core, although due to the smaller mass the lh1 is
Table 6.1: Parameters used for the calculation of the transition energies and wave
function probability functions. A ML thickness dML of 0.35 nm has been assumed for all
materials. Calculated excitonic transition energies are corrected for an exciton binding
energy of Eexc = 88meV for all hh transitions and Eexc = 61meV for the lh and so
transitions, as determined for CdSe NPs in [35]. For MnS the parameters of ZnS were
used from [257].
CdSe CdS MnS
me 0.18m0[35] 0.31m0[35] 0.28m0[257]
mhh 0.89m0[35] 0.95m0[35] 1.7m0[257]
mlh 0.194m0[35] 0.227m0[35] 0.23m0[257]
mso 0.286m0[256] 0.331m0[256] −
∆UCB − 0.1 eV 0.8 eV
∆UVB − 0.5 eV 0.96 eV
∆so 0.4 eV 0.07 eV −
Eg(T = 4K) 1.84 eV ∼ 2.41 eV 3.6 eV[256]
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more delocalized into the shell as the hh1 state. The so1 hole on the other hand is only
weakly confined within the core. The calculated transition energies are depicted in Figure
6.1 as dashed lines, coinciding qualitatively with the three energetically lowest transitions
(marked by the MCD zero crossings). The energies are corrected by an exciton binding
energy of 88meV for the e1hh1-X and 61meV for the e1lh1-X and e1so1-X consistent with
the values determined in [35]. This in combination with the sign of the giant Zeeman
splitting allows the assignment of the feature at 2.6 eV to the e1so1-X transition.
The calculated wave function distributions also give valuable insights into the overlap
integrals γe, γhh, γlh and γso. While the electron is delocalized along the whole NP thick-
ness, the hole ground states are partly confined within the core. This suggests that by
changing the core and shell thickness, the various hole wave function overlaps with the
shell can be manipulated, influencing the p-d exchange interactions, which is addressed
in Section 6.4.
6.2 Electronic Structure of Excited States in
Core/Shell Nanoplatelets
Although several works address the electronic structure of colloidal NPs [258–260], up
to now calculations of transition energies and the assignment of experimentally observed
features have been mainly restricted to the two energetically lowest transitions, the hh-X1
and lh-X1, which have been first identified by Ithurria et al. [35, 236]. In wurtzite CdSe
NPs the third absorption peak in energy was assigned to the first excited heavy hole state
(e2hh2-X) [36], while in zinc blende CdSe NPs the third peak has been attributed to the
e1so1-X transition [100]. The latter assignment is affirmed by the sign of the giant Zeeman
splitting observed in this work.
Besides the hole ground state excitonic transitions (e1hh1-X, e1lh1-X and e1so1-X),
the MCD signal reveals a bunch of excited state transitions above 2.6 eV (compare Figure
6.1). These features cannot be resolved in the absorption spectrum, which represents a
superposition of the excitonic transitions with inter-band absorption of free carriers and
a scattering tail. This highlights the possibility to investigate the electronic structure of
transition metal doped materials by MCD. The sign of the Zeeman splitting can give
additional insights into the hole character of an observed transition. As outlined above,
any feature related to a hh state is expected to exhibit a negative splitting, while any
transition with positive giant Zeeman splitting is anticipated to involve either a lh or a
so state.
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Figure 6.3: Simulation of the MCD signal. (a) depicts a simulation of the energetically
lowest e1hh1-X and e1lh1-X MCD signal together with the involved A - and B-term
contributions according to Equation 6.2. In (b) the whole MCD signal up to 3.1 eV is
fitted with five asymmetric features. Simulated MCD features are depicted in colored
lines while a dashed black line represents the sum of all peaks. The parameters for the
fits are given in Table 6.2.
In order to unravel the number and energetic position of the excited states, the whole
MCD spectrum up to 3.1 eV is simulated. As apparent from the shape of the MCD signal,
most of the contributing features account for an asymmetric MCD signal, which cannot be
described with a simple, deviated-Gaussian function as used for pure A -terms. In general,
any MCD signal can be described with Equation 6.1 [261–263].
IMCD ∝
[
A1
(
−∂f(E)
∂E
)
+
(
B0 +
C0
kBT
)
f(E)
]
(6.1)
Herein the MCD parameters A1, B0 and C0 describe the contributions of the derivative-
shaped A -term and the band-shaped B- and C -terms. f(E) describes the band shape of
an absorption band, which can be assumed to be Gaussian in case of excitonic transitions
(f(E) = exp
(
− (E−E0)2
σ2
)
). The A -term directly originates from the Zeeman splitting of
a transition, in which either the ground or the excited state is degenerated, splitting the
absorption bands of σ- and σ+ light with respect to each other in energy. The C -term
arises from a thermal redistribution of the population of the degenerated ground state
of a transition and its absorption-like MCD contribution is expected to decrease rapidly
with increasing temperature. As in the NP the ground state is non-degenerated, a C -term
is not expected. In accordance to that, the asymmetry of the different MCD transitions
does not decrease with increasing temperature, as visible comparing e.g., the e1hh1-X
feature in the 5K and 48K spectra in Figure 6.5. TheB-term arises from a magnetic field
induced mixing between the ground or excited state with other states close in energy, which
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results in a redistribution of the degree of σ+ and σ- character between the neighboring
transitions. In case of the NPs a B-term may arise from a mixing between the different
neighboring states, i.e., the e1hh1-X and e1lh1-X transitions. Thus, the asymmetric MCD
features are fitted with Equation 6.2, chosen so that Amax and Bmax denote the maximal
amplitudes of the contributive A - and B-terms, respectively.
IMCD = Amax
σ
√
e√
2
(
−∂f(E)
∂E
)
+Bmax · f(E) (6.2)
Simulated MCD features for the hh-X1 and lh-X1 transitions as well as the corresponding
A - and B-terms are depicted in Figure 6.3 (parameters are listed in Table 6.2). Besides
the A -term, whose sign corresponds to the sign of the Zeeman splitting, both transitions
exhibit a significant B-term, representing the origin of the asymmetry of the MCD sig-
nal. As expected for a B-term, the features of the e1hh1-X and the e1lh1-X exhibit the
opposite sign [262], revealing the coupling between both transitions. According to theory,
the maximum contributions of the different terms to the MCD signal scale as [262]:
Amax : Bmax =
1
2
√
ln 2σ
: 1∆Etran
(6.3)
Herein 2
√
ln 2σ denotes the full width at half maximum of the absorption of a transi-
tion (54meV and 64meV for the e1hh1-X and e1lh1-X transitions according to the fits,
respectively) and ∆Etran is the energy spacing between the two transitions (i.e., 154meV
between the e1hh1-X and e1lh1-X). With the parameters given in Table 6.2, this accounts
for a Amax
Bmax
ratio of 2.9 and 2.4 for the e1hh1-X and e1lh1-X, which matches in magnitude
with the experimentally observed ratios of 1.5 and 1.8, respectively.
Figure 6.3 shows the fully simulated MCD spectrum up to 3.1 eV containing in total
five transitions. According to the theoretical considerations above, the features exhibiting
a negative Zeeman splitting at 2.68 eV (indicated by the negative sign of Amax) can be
assigned as the hh excitonic transition e1hh3-X, while the sign of Zeeman splitting for the
fifth transition (denominated as enhn-X) indicates contributions of either a so or lh.
Table 6.2: Fitting parameters used to simulate the MCD signal up to 3.1 eV according
to Equation 6.2.
transition energy Ec [meV] width 2σ [meV] Amax [10−4] Bmax [10−4]
e1hh1-X 2.155 33 −3.99 2.58
e1lh1-X 2.309 38 1.67 −0.91
e1so1-X 2.578 45 2.79 0.23
e1hh3-X 2.675 66 −2.27 −0.48
enhn-X 2.934 73 1.76 2.02
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Figure 6.4: Excited states in CdSe/Mn:CdS NPs. In (a) the energy levels and envelope
wave function distribution densities of the ground and excited electron states (black)
and of the excited hh and lh states with n = 2 and n = 3 are shown, resulting from
two-step quantum well calculations with the parameters given in Table 6.1. In (b) the
MCD signal of the (2) CdSe/(8) Mn:CdS NPs is compared to an undoped reference.
The corresponding transition energies (including an exciton binding energy of 88meV
for transitions involving a hh state and 61meV for transitions with lh or so states) are
depicted in (b) as dashed lines.
To identify these transitions, the theoretical energies of transitions involving excited
hole states are calculated based on the effective mass approximation for the two-step
potential well. Figure 6.4a depicts the wave function probability densities of the hh and
lh excited states (n = 2) and the corresponding energies. In addition, arrows highlight
the optically allowed electron - hole transitions resulting from the quantum well envelop
function selection rules [96], which predefine that only transitions with ∆n = 0, 2, 4...
between the involved electron and hole states are allowed. The transition energies involving
excited hh (e1hh3-X and e2hh2-X) are represented as dashed lines in Figure 6.4 (reduced
by the exciton binding energy of 88meV), while all excited state transitions involving a
lh are above 3.1 eV. Note the calculated energies of the electron and lh excited states may
be overestimated due to the non-parabolicities of the conduction and lh band [264–266].
The calculated energy of the e1hh3-X transition nicely fits the observed energy, allowing -
in combination with the sign of the Zeeman splitting - a clear assignment of this feature.
Although the e1hh3-X with ∆n = 2 is expected to exhibit decreased oscillator strength
compared to the e2hh2-X, the latter is calculated to be much higher in energy. A similar
sequence of transitions (e1hh1-X, e1lh1-X, e1hh3-X) has been assigned in CdTe/CdMnTe
quantum wells [267]. For the transition at 2.93 eV the positive sign of the Zeeman splitting
indicates a contribution of a lh or so hole. However, the observed transition matches with
the transition energy calculated for the e2hh2-X. Thus, the transition at 2.93 eV cannot
be unambiguously assigned.
6.3 Magneto-Optical Properties at Elevated Temperatures 129
6.3 Magneto-Optical Properties at Elevated
Temperatures
2 . 0 2 . 2 2 . 4 2 . 6 2 . 8 3 . 0
 5  K 8 K 1 6  K 2 4  K 3 2  K 4 8  K 9 6  KMC
D
E n e r g y  [ e V ]
2 . 0 2 . 5 3 . 0
E n e r g y  [ e V ]
3 0 0  K
Figure 6.5: Temperature dependence of the MCD signal for the (2) CdSe/(8) Mn:CdS
NPs, measured at 1.6T. The inset depicts the room temperature magneto-optical re-
sponse. The energetic range of the e1hh1-X and e1hh3-X transitions are highlighted in
blue and grey, respectively.
The way temperature influences the magneto-optical response gives additional insights
about its origin. While the intrinsic Zeeman splitting is known to be more or less constant
between cryogenic and room temperature [129], the giant Zeeman splitting generated by
the sp-d exchange interactions scales with the degree of orientation of the Mn2+ spins
along the external magnetic field, which is strongly influenced by the thermal energy as
decribed by the Brillouin function. Figure 6.5 depicts the magneto-optical response of the
(2) CdSe/(8) Mn:CdS sample at 1.6T between 5K and 96K. The signal rapidly decreases
with increasing temperature as expected for the giant Zeeman splitting. The temperature
dependence of the MCD signal thus represents a strong evidence for the observation of sp-
d exchange interactions. Simultaneously, the whole spectrum experiences a shift towards
lower energies as common for semiconductor bandgaps [76].
Figure 6.6 depicts the temperature dependent decrease of the MCD amplitude for the
e1hh1-X as well as the e1hh3-X. As the MCD signal and thus also the amplitude (AMCD)
result from a superposition of a component arising from the giant Zeeman splitting and
a contribution from the intrinsic Zeeman splitting, the temperature dependent decay can
be described with Equation 6.4, in which AintMCD and Asp−dMCD denote the intrinsic and sp-d
exchange coupling contribution, respectively, and ̂Asp−dMCD the hypothetical maximum of
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Figure 6.6: Decay of the MCD amplitude for the e1hh1-X (a) and e1hh3-X (b). Lines
represent the Brillouin fits according to Equation 6.4 and dashed lines indicate the
MCD contribution from the intrinsic Zeeman splitting. The MCD amplitude is taken
as the mean value from the minimum and maximum amplitude of the e1hh1-X and
the minimum amplitude of the e1hh3-X transition. Note that a negative amplitude
corresponds to negative Zeeman splitting.
Asp−dMCD in case that all Mn2+ were perfectly aligned (T = 0K or B = ∞). Note that a
negative AMCD corresponds to a negative ∆EZ.
AMCD = AintMCD + A
sp−d
MCD = AintMCD +
̂
Asp−dMCD ·BS
(
gMnµBSB
kB(T + TAF)
)
(6.4)
Fitting parameters can be found in Table 6.3. The amplitudes of both transitions can
be fitted with the very same Brillouin function (using the same TAF value of 21K), but
weighted with different ̂Asp−dMCD and varying intrinsic contributions AintMCD. This highlights
that the MCD signal at low temperatures to the most extend (
∣∣∣∣AintMCDAMCD
∣∣∣∣ < 17% at 5K
for both transitions) arises from the sp-d exchange interactions between the band charge
carriers and the magnetic moments of the dopants.
Table 6.3: Fitting parameters used to describe the MCD amplitude of the e1hh1-X
and e1hh3-X.
̂
Asp−dMCD [10−4] Asp−dMCD(5K) [10−4] AintMCD [10−4]
e1hh1-X −45.7 −4.4 0.24
e1hh3-X −26.1 −2.53 −0.43
At elevated temperatures the MCD signal of the band edge transition vanishes be-
low the signal-to-noise ratio (above 100K), while the signal related to the excited hole
transitions persists up to room temperature (see inset in Figure 6.5). The fits reveal that
this behavior originates from a difference in sign of the intrinsic contribution of the Zee-
man splitting being positive for the e1hh1-X and negative for the e1hh3-X transition. It is
known that in CdSe the intrinsic Zeeman splitting exhibits the opposite sign as compared
to the giant Zeeman effect (gint = 1 to 1.4 in CdSe [129, 130]), while in Mn:CdS both
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effects have the same sign (gint = −1 to −1.3 in CdS, as estimated from [131]). Because
of their architecture, a mixture between both values is expected in the NPs according to
the electron and hole wave function distribution between the core and the shell. While
both transitions involve the same electron state (e1), the corresponding hole state changes
from hh1 to hh3. The different sign of the intrinsic contribution to the Zeeman splitting
may thus be originated by a redistribution of the hh wave function from the CdSe core
to the CdS shell when going from n = 1 to n = 3. This is confirmed by the calculated
wave function overlap with the shell (estimated by integration of the probability density
function over the CdS shell), which increases from 0.24 for the hh1 ground state to 0.89
and 0.93 for the hh2 and hh3 states, respectively.
6.4 Manipulation of the sp-d Exchange Interactions
via Wave Function Engineering
In the previous sections, direct sp-d exchange interactions have been verified for a multi-
tude of excitonic transitions, which could be identified and assigned according to double
potential well wave function calculations. Based on these findings, the architectural de-
grees of freedom provided by the c-ALD synthesis route are exploited to selectively tune
either the s-d or p-d exchange interactions. For this purpose the core and shell thicknesses
as well as the composition are modified in order to influence the wave function distribution
and thus the overlap with the magnetic dopants.
6.4.1 Manipulation of the p-d Exchange Interaction
A first sample series (set I) concentrates on the exchange interactions between the hole
states and the Mn2+-dopants. Since the valence band exchange coupling constant N0β
excels the conduction band constant N0α by more than a factor of five, the magneto-
optical response is mainly determined by the hole wave function overlap with the doped
shell. Since in the CdSe/CdS core/shell hetero-NPs the hh and lh ground states are mainly
confined in the core, while the excited states are delocalized into the shell (compare Figure
6.4a), the ground and excited hole states can be addressed selectively. Figure 6.7 depicts
the room temperature absorption and the PL spectra of all samples of sample set I. While
the dominant absorption peaks distinguishing the transition energies of the e1hh1-X and
the e1lh1-X transition only slightly shift with decreasing shell thickness (red and blue
curve), they do exhibit a distinct redshift upon increase of the core thickness (green and
blue curve).
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Figure 6.7: Room temperature absorption (solid lines) and PL spectra (dashed lines)
of core/shell NP samples with different CdSe core and Mn:CdS shell thicknesses: (3)
CdSe/(8) Mn:CdS in green, (2) CdSe/(8) Mn:CdS in blue and (2) CdSe/(6) Mn:CdS
in light red.
The influence of the architectural changes on the electronic structure becomes more
apparent in the cryogenic MCD spectra. Figure 6.8a depicts the 5K MCD signals at 1.6T
of NPs with 2ML CdSe core and 6ML or 8MLMn:CdS shell, respectively. Decreasing the
shell thickness shifts the transitions involving excited hole states towards higher energies,
while the ground state transitions (especially the e1hh1-X and the e1lh1-X) are neither
affected in energy nor in MCD intensity. These observations are reproduced by the wave
function calculations (shown in panel b), illustrating that the ground hh1 state is expected
to be hardly influenced by the shell thickness, while the excited state (n = 3) shifts to
higher energies in case that the shell thickness is reduced. The wave function overlap for
the hh1 state with the doped shell (given by the probability density), which is decisive for
the strength of the p-d exchange interaction, is only slightly affected by the shell thickness
(compare panel c). This is different in case of the so1 state, whose wave function overlap
with the shell can be calculated to decrease with decreasing shell thickness (compare
Figure 6.8c). This is revealed in the experimental data, as no pronounced positive A -
term MCD feature is visible at around 2.6 eV for the e1so1-X transition in (2) CdSe/(6)
Mn:CdS NPs.
The ground state transitions (e1hh1-X and e1lh1-X) on the other hand can be ma-
nipulated modifying the core thickness, as demonstrated in Figure 6.9. In case the core
thickness increases, the ground state transitions significantly shift to the red and exhibit
strongly decreased MCD amplitudes, while the excited hole transitions reveal only minor
changes in both energetic position and intensity. The strong decrease in the magneto-
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Figure 6.8: Excited state engineering in core/shell NPs. (a) compares the MCD signal
of (2) CdSe/(8) Mn:CdS (blue) and (2) CdSe/(6) Mn:CdS (light red) NPs at 5K and
1.6T. (b) depicts the electron and hh1 ground state wave function probability densities
as well as ground state (dotted lines) and the hh3 excited state (dashed lines) energies
for the two corresponding NP architectures. In (c) the wave function overlap (i.e., the
integrated probability density) for the Mn2+-doped shell is calculated for the hh1 and
so1 ground state in NPs with 2ML core and different shell thicknesses, normalized to
the value for the (2) CdSe/(8) Mn:CdS sample.
optical response of the band edge transition is due to the decreasing overlap of the hh1
wave function with the doped region, as apparent from the effective mass calculations
shown in panels b and c. The wave function overlap with the shell can be calculated to
decrease by ≈ 50% from 0.24 to 0.12 for the ground state hh1, while especially the n = 3
excited state, which is widely delocalized among the whole NP, is not affected to the same
degree (compare Figure 6.9c).
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Figure 6.9: Ground state engineering in core/shell NPs. In (a) the 5KMCD signals of
(2) CdSe/(8) Mn:CdS (blue) and (3) CdSe/(8) Mn:CdS (green) at 1.6T are compared.
In (b) the calculated wave function probability densities of the electron and the hh
ground states in the corresponding architectures are depicted together with the ground
state (dotted lines) and hh3 (dashed lines) energies. (c) compares the wave function
overlap with the Mn2+-doped shell for the ground and excited (n = 2 and n = 3)
hh states in NPs with 2ML core and different shell thicknesses normalized to the (2)
CdSe/(8) Mn:CdS sample.
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The CdSe/Mn:CdS core/shell hetero-NPs thus represent a material platform which
allows to selectively tune the p-d exchange interactions of either the excited hole states
by changing the shell thickness or to modify the ground hole state transition via core
thickness engineering. However, as the hole exchange coupling interactions significantly
exceed the electron contributions and the electron is delocalized among the whole struc-
ture, independent of the specific architecture, the s-d interactions of the conduction band
charge carriers cannot be selectively addressed within these structures.
6.4.2 Manipulation of the s-d Interaction
In order to manipulate the s-d exchange interaction, the NPs architecture was modified
by including an additional MnS interlayer between the core and the shell, which allows to
confine the hh wave function within the undoped CdSe core. Since MnS, whose bandgap
can be extrapolated from CdMnSe to be around 3.6 eV at cryogenic temperatures [88],
is epitaxially grown onto the cubic CdSe core via c-ALD, and expected to be formed in
zinc blende crystal structure. So-called β-MnS by itself represents a metastable salt [268–
270], in which the paramagnetic Mn2+ magnetic moments are expected to arrange in an
anti-ferromagnetic orientation below a Neel temperature of about 100K [271].
Figure 6.10 depicts MCD spectra of the samples sharing the same (2) CdSe/(2) MnS
core/interlayer structure, but different Mn:CdS shell thicknesses. All optical transitions
are shifted towards higher energies in comparison to the NPs of set I due to the increased
quantization caused by the high MnS bandgap. With increasing Mn:CdS shell thickness
the MCD intensity decreases, while the band edge transition exhibits a small shift to
lower energies. Wave function calculations (see panel b) reveal that the MnS interlayer
successfully confines the hh1 state in the undoped core, so that mainly the electron wave
function distribution is affected by changes in the Mn:CdS shell thickness. The extracted
wave function overlap of the electron and hole with the Mn2+-doped CdS shell on the
one hand and the MnS interlayer on the other hand indicates that with increasing shell
thickness the electron is redistributed from the interlayer to the shell. Thus, as the MCD
intensity decreases with increasing thickness, this suggests that the portion of magneto-
optically active Mn2+ ions in the interlayer is higher compared to the Mn:CdS shell with
xMn = 1.2%. This allows to conclude that the Mn2+ spins in the MnS interlayer in part
behave paramagnetic without being antiferromagnetically coupled.
Altogether, it has been demonstrated that by modifying the structural architecture
of shell-doped CdSe/Mn:CdS NPs by including a MnS shell, the s-d exchange coupling
interactions can be tuned, confining the hole into the undoped shell. Without the MnS
interlayer, the magneto-optical response related to the p-d exchange coupling can be tuned
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Figure 6.10: s-d exchange interaction engineering. (a) MCD signal at 5K and 1.6T of
NPs with 2ML CdSe core, 2ML MnS interlayer and 6 to 10ML Mn:CdS shell. (b) de-
picts the energy states and probability density functions of the hh and electron ground
states in NPs with (2) CdSe/(2) MnS core/interlayer and 6ML or 8ML Mn:CdS shell
thickness, respectively. The corresponding wave function overlaps (i.e. the integrated
probability densities) of the electron (black) and hh (green) ground states with the
interlayer (filled squares) and the shell (open squares) are shown in (c).
by variation of the CdSe core or Mn:CdS shell thickness. In addition, MCD spectroscopy
of the DMS NPs enabled a valuable insight into the excited state electronic structure,
which allowed the identification and assignment of a bunch of several higher excitonic
states.
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Chapter 7
Current-Induced Magnetism in a
Colloidal Quantum Dot Device
Electrical control over the magnetization in a material represents the central functionality
in lots of today’s information processing technologies. Different approaches have been de-
veloped to address and manipulate the magnetic properties of metals or semiconductors
in electrical devices. Those include current driven processes like spin-polarized currents
in random access memories [272, 273] or spin-orbit torques in systems with reduced sym-
metry [274, 275]. Electric field induced phenomena [276] have been exploited in metallic
ferromagnets [277, 278] via electric-field mediated control of the charge carrier concen-
tration in magnetic semiconductors [279, 280] or via coupling of magnetic and electrical
properties in multiferroica [281].
However, although these approaches provide the basis for modern lifestyle electronics,
they are mostly restricted to thin-film devices prepared by vacuum growth techniques.
For next generation electronics, recent developments in the performance of solution-based
devices highlight the opportunities offered by solution-processed materials [17, 282] like
colloidally synthesized nanostructures [15, 16]. Since the first demonstration of magnetic
doping in colloidal nanostructures [19, 20] and proof of sp-d exchange interactions in these
materials [21, 22], growing research interest in colloidal DMS nanostructures has opened
the door for the discovery of several new and fascinating phenomena. Combining strongly
increased sp-d exchange interactions due to the high dielectric and geometrical quantum
confinement with possibilities to be processed in solution - e.g., via spin-coating, printing
or spraying even on flexible substrates - these materials represent a promising material
class for the development of tomorrow’s information processing technologies.
In DMS QDs, few examples demonstrate optical control of the magnetic properties, like
charge-controlled magnetism in colloidal Mn:ZnO QDs via optically generated electrons
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Figure 7.1: Idea of electrically induced magnetism. In the device, the charge carriers
are injected via the metal cathode and the ITO anode in combination with the hole
injection and transport layers, respectively. Due to the exchange interactions the spins
of the Mn2+-dopants align along the magnetic exchange field of the exciton.
[25], photo-induced magnetization in Cu:ZnSe/CdSe QDs [27] or laser induced sponta-
neous magnetization in Mn:CdSe QDs [23]. The latter, often referred to as excitonic
magnetic polaron (EMP), where the spins of the Mn2+ ensemble are aligned along the
magnetic exchange field of the photo-excited exciton and built an overall magnetization
in the QD volume, could be observed even up to room temperature [23]. Although EMPs
have been studied in both epitaxial [81–83] as well as colloidal [23, 80, 84] QDs for more
than 20 years leading to a profound understanding of the phenomenon, electrical genera-
tion of an EMP has not been demonstrated up to now.
Here, a novel approach is presented to induce magnetization by electrical charge carrier
injection in Mn2+-doped CdSe/CdS QDs (compare Figure 7.1). For this purpose, the DMS
QDs are embedded as active material into a light emitting device structure, which enables
charge carrier injection under applied voltage. The electrically injected electrons and holes
exhibit sp-d exchange coupling with the Mn2+ spins, forcing a parallel alignment of the
whole spin ensemble of the dopants. This creates an electrically triggered magnetization
in the QDs.
As the energetically favorable arrangement of the Mn2+ spins lowers the exciton emis-
sion energy by the polaron energy EEMP, the polaron formation can be tracked via the EL
of the device: With increasing temperature the thermal energy counteracts the ordering
force of the exciton, and the degree of orientation among the Mn2+ ion spins as well as
EEMP decrease, which cause an increase of the excitonic emission energy. This anomalous
temperature behavior of the bandgap emission is contradictory to the usually observed
Varshni shift. Its observation in EL thus provides a distinct signature of an electrically
induced magnetization in the Mn:CdSe/CdS QD device.
The synthesis of the particles used for the device preparation as well as their ba-
sic optical characterization have been conducted by Dr. Charles Barrows (doped QDs)
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and Christian Erickson (undoped reference) in the group of Prof. Daniel Gamelin at the
University of Washington in Seattle, United States.
7.1 Optical Properties of Mn:CdSe/CdS Giant Shell
Quantum Dots
For the demonstration of electrically induced EMP formation, magnetically doped
Mn:CdSe/CdS giant shell particles were synthesized via diffusion doping. In order to
ensure that the band edge governs the emission, particles were realized with a total size
of 13.7± 1.2 nm (≈ 6 nm Mn:CdSe core), such that the 1S3/21Se transition is lower in
energy compared to the Mn2+ internal 4T1→6A1 transition. The giant shell consisting of
13ML CdS is expected to increase the quantum yield of the particles [283] and to improve
the device performance [154, 155].
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Figure 7.2: (a) and (b) depict the room temperature absorption, PL and MCD spectra
(at 1.5T) of the EMP QDs in a toluene dispersion. In (c) the temperature dependent
PL energy revealing an anomalous temperature dependence below 40K is compared to
the dependence for undoped CdSe/CdS reference particles in a device.
Figure 7.2a and b depict the room temperature absorption, PL and MCD spectra of
the magnetically doped particles in a toluene dispersion (determined at 1.5T in an Aviv
40DS spectropolarimeter, all data measured by Dr. Charles Barrows in Seattle). Both
absorption edge and PL emission are below 2.1 eV, the typically observed energy for the
4T1→6A1 transition. The MCD signal exhibiting a pronounced A -feature for the 1S3/21Se
transition reveals an effective g-factor of −7± 1. Assuming the sp-d exchange coupling of
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a hh-X bulk transition (∆EZ ∝ (N0α−N0β)), which is appropriate for QDs of this size
[136], the concentration of magneto-optically active Mn2+ ions (i.e. xeﬀ) can be estimated
as 1.8± 0.3%.
In order to exclude that the EMP formation is prohibited by the device environment,
i.e., the crosslinker or the hole injection and transport layers, temperature dependent PL
measurements are performed on the Mn:CdSe/CdS QDs already embedded in a device
structure. Figure 7.2c depicts the temperature dependent shift of the PL transition ener-
gies of the doped QDs in comparison to undoped reference particles. The undoped samples
consist of a 4 nm CdSe core and a CdS shell with 4.5 nm thickness. The Mn2+-doped QDs
show an anomalous blueshift of the PL emission up to 40K, which is not visible for the
undoped reference exhibiting the commonly observed Varshni shift [76].
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Figure 7.3: Time resolved PL of the EMP QDs. (a) visualizes time traces of the PL
at temperatures between 5K and 300K. The dynamics are well described with biexpo-
nential fits, as shown in panel (b) for 5K, 127K and 300K (fitting parameters are given
in the graphs). In (c), the extracted lifetimes (top) and corresponding ratios (bottom)
of the short (blue) and long (green) components are recapped for all temperatures.
In principle a blueshift of the emission energy with increasing temperature could also
arise from a thermal repopulation between the different fine structure states of the 1S3/21Se
exciton. In case the fine structure splitting exceeds the thermal energy, the energetically
lowest and optically forbidden ±2 state is occupied and visible in PL at low temperatures,
while with increasing temperature the ±1L state, which is higher in energy, becomes
occupied. However, the fine structure splitting for QDs of this size can be extrapolated
as < 0.6meV [106, 284], suggesting that the bright state is populated even at cryogenic
temperatures.
Valuable clues about the nature of emissive states in colloidal QDs - including possible
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contribution of dark states - can be gathered from the PL dynamics and their temperature
dependence. Figure 7.3a exhibits PL decays of the Mn:CdSe/CdS QDs at temperatures
between 5K to 300K (obtained with an APD setup with 405 nm excitation wavelength).
As commonly observed in CdSe/CdS core/shell structures, the luminescence lifetimes are
found to increase with temperature, which can be attributed to the thermally activated
redistribution of the electron wave function into the CdS shell, reducing the electron-hole
wave function overlap and thus the oscillator strength [151, 285]. The PL decays can
be well described with bi-exponential fits with a short component of lifetimes between
8 ns and 11 ns and a longer one with several tens of ns, increasing with temperature, as
depicted in panel b and c.
The observed time-resolved PL is not fully consistent with what is expected for neutral
excitons in QDs of this size. While in small CdSe QDs, where the dark-bright splitting
of the 1S3/21Se fine structure exceeds the thermal energy, lifetimes of several 100 ns up
to µs are observed at cryogenic temperatures [107, 284, 286], for QDs with diameter
> 6 nm cryogenic lifetimes of a few tens up to a hundred ns are expected [284]. Shortened
cryogenic lifetimes in the range of ≈ 20 ns have been observed in colloidal DMS QDs
exhibiting EMP formation, and were attributed to a field induced mixing between the
dark and bright state by the magnetic exchange field of the EMP [84]. On the other hand,
CdSe/CdS giant shell QDs often exhibit recombination of negatively charged excitons, so-
called trions, which are characterized by lifetimes of ≈ 10 ns [285, 287–289]. As we observe
a bi-exponential-decay, it is most likely that in the Mn:CdSe/CdS QDs a mixture between
neutral (longer lifetime > 24 ns) and charged excitons (≈ 10 ns component) is present.
According to literature, charged excitons are expected in QDs with shell thicknesses above
4 nm to 5 nm [289], and thus the simultaneous observation of neutral and charged excitons
appears reasonable in our particles containing a ≈ 4 nm CdS shell.
However, as both components are significantly shorter as expected for an optically
forbidden recombination, emission from a dark state can be excluded. The observed
anomalous temperature development of the emission energy can thus be interpreted as
an evidence of laser induced EMP formation in the DMS particles [23]. At cryogenic tem-
peratures, the emission energy is reduced by the polaron energy of the optically induced
EMP. With increasing temperatures up to 40K, the polaron energy decreases, which
causes the shift towards higher energies evident in Figure 7.2. At higher temperatures,
the shift of the luminescence energy is dominated by the temperature dependent decrease
of the bandgap.
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7.2 Room Temperature Device Performance
Figure 7.4a depicts a scheme of the device structure utilized to electrically inject charge
carriers into the DMS QDs. The layer arrangement is inspired by state-of-the-art solid-
state light emitting diodes based on colloidal QDs [170], so-called QD-LEDs, but with
the aim to keep the design as simple as possible. The transparent electrode enabling light
extraction is represented by an ITO covered glass substrate. In the device, hole injection
from the ITO into the active QDs is promoted by PEDOT:PSS and poly-TPD as hole
transport and injection layers, while the electrons are provided directly by the silver top
electrode (compare energy level diagram in Figure 7.4). The active QD layer is in addition
cross-linked with EDT to increase its robustness, although such treatment is unusual for
emissive devices such as QD-LEDs [16, 110, 173]. For convenience, no electron transport
or injection layers such as ZnO are embedded.
Figure 7.4: Light emitting device based on magnetically doped giant shell QDs. (a)
depicts a scheme illustrating the layer assembly in the device. In (b) the corresponding
energy levels for the crucial bands are shown as a flat-band energy level diagram. Values
are adapted from literature [171]. In (c), room temperature EL spectra at different
applied voltages are shown.
Upon application of voltages above 3V the device emits in the red (compare Figure
7.4c). This evidences successful electron and hole injection into the DMS QDs, which
represents the basis for an electrically induced EMP. The EL intensity increases with
increasing voltage. The luminescence is comparable to the PL in line width and emission
energy and does not significantly shift with increasing voltage. The absence of any further
luminescence peaks, e. g., related to recombination in supplementary layers, ensures that
all light emitted in the device originates from the QDs.
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Figure 7.5: (a) Current-voltage characteristics as well as the radiance of a
Mn:CdSe/CdS QD device. (b) depicts the corresponding external quantum efficiency
(EQE) curve. Note that the EQE measurements have been conducted several months
after the EL characterization. Electro-optical figures of merit have been obtained with
the help of Svenja Wepfer in the Junior Research Group of Dr. Ekaterina Nannen.
Figure 7.5 depicts the current-voltage characteristics and the external quantum ef-
ficiency (EQE) of the EMP device. All figures of merit for the QD-LED have been de-
termined with the help of the Junior Research Group of Dr. Ekaterina Nannen. The
opto-electric characterization has been conducted with a Keithley 2601 source meter in
combination with a calibrated Si-photodiode (818-UV from Newport). The magnetically
doped QD-LED exhibits a non-linear IV curve as expected for a device with an asymmet-
ric layer structure. The QD device emits luminescence starting at ≈ 3V, which increases
in intensity with increasing voltage/current up to 0.65mW/srm2. Based on the lumines-
cence and the current, the EQE is extracted, revealing a maximum efficiency of 0.01%.
This performance is comparable to literature values of undoped QD-LED devices with
similar design [172], although the EMP device exhibits an active layer treated with EDT.
Even though the EMP device is not optimized regarding the “turn-on” bias, luminescence
or EQE, its perfomance is comparable to established QD-LEDs, providing the basis for
the observation of an electrically induced EMP.
7.3 Evidence of Electrically Induced Excitonic Mag-
netic Polarons
Following the establishment of Mn:CdSe/CdS QDs as active material in a QD-LED, the
realization of temperature dependent EL measurements between cryogenic and room tem-
perature represent a nontrivial task. This challenge was addressed with a home-built sam-
ple holder, allowing device integration into a helium cryostate (see Methods and Materials
for details).
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Figure 7.6: Temperature dependent EL measurements of the Mn:CdSe/CdS QD de-
vice. Current-voltage characteristic (a) and EL spectra at a constant current of 0.5mA
(b) at different temperatures between 7K and 250K. EL spectra are normalized and
shifted along the intensity-axis for clarity.
Figure 7.6a depicts the current-voltage characteristics of the EMP device at different
temperatures between 7K and 250K. The device exhibits stable IV curves throughout
the whole temperature range, revealing a shift in the turn-on voltage above 60K, which
may be attributed to the increasing electrical conductivity of the organic layers with
temperature [290].
The electrical stability of the EMP device provides the basis for the collection of
temperature dependent EL spectra. The intensities of the EL spectra measured at con-
stant currents but different temperatures do not vary by more than a factor of 2.5 in
the temperature range considered. This indicates that the QD-LED does not exhibit
significant degeneration during the measurements, e.g. caused by the variation of tem-
perature or the extensive operating times necessary to conduct a whole temperature se-
ries.
Normalized EL spectra at a constant current of 0.5mA are shown in Figure 7.6b
(shifted along the intensity axis for clarity). Below 40K the EL in similarity to the PL
exhibits a blueshift with increasing temperature, which indicates the existence of an elec-
trically induced EMP in the device. The slight asymmetry revealed in the shape of the
EL is attributed to a slow component of the polaron formation, causing a shoulder at
the low energy side [80]. Note that the blueshift in EL might in principle also origi-
nate from the Quantum-confined Stark effect (QCSE), depending on the applied voltage,
which changes with temperature at a constant current. However, in the temperature
regime of interest (i.e., 7K to 75K) the voltage at constant current does not shift by
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more than 0.5V, as can be seen in Figure 7.6a. The emission energy shift arising from
the QCSE can thus be estimated to account for less than 0.5meV [291] and can be
neglected in explaining the anomalous temperature shift of the EL signal in the EMP
device.
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Figure 7.7: Temperature dependent behavior of a reference device with undoped
CdSe/CdS giant shell NPs. (a) illustrates the temperature dependent shift of the EL
peak energy. The inset compares normalized EL spectra at 6K and 300K. The param-
eters for the Varshni-fit (black line) are αV = 2.9× 10−4 eVK−1 and βV = 299K. (b)
depicts the temperature dependent current-voltage characteristics of the device.
A reference device, prepared with undoped CdSe/CdS giant shell QDs (4 nm core sur-
rounded by 4.5 nm shell, PL shown in Figure 7.2d), exhibits no anomalous temperature
behavior. Its EL emission peak energy monotonically shifts red with increasing tempera-
ture following the shift observed in PL, as depicted in Figure 7.7. Temperature dependent
current-voltage characteristics (panel b) reveal non-linear IV-curves, which shift towards
lower turn-on voltages with increasing temperatures as observed for the EMP device.
This evidences that the reference device in principle underlies similar temperature in-
duced effects on e.g., the layer conductivities as the EMP device. This underlines that
the anomalous temperature behavior observed for the latter is indeed originated by the
magnetic doping in the QDs, i.e., it is caused by the EMP formation. This work thus
represents a first demonstration of electrically triggered magnetization in a colloidal QD
device.
146 7 Current-Induced Magnetism in a Colloidal Quantum Dot Device
7.4 Polaron Energy and Exchange Field of the Mag-
netic Polaron
As the polaron energy in magnetically doped Mn:CdSe/CdS QDs is directly reflected in
the emission peak energy, the relevant figures of merit of the electrically induced EMP
can be deduced from the temperature dependent EL spectra. In undoped colloidal QDs
the emission energy Eemission follows the absorption energy Eabs of the 1S3/21Se band edge
transition lowered by a Stokes shift EStokes. The Stokes shift, which can be assumed as
temperature independent for weakly confined nanocrystals [108, 109], originates from a
superposition of the fine structure, inhomogeneous broadening due to the size distribution
and the contribution of phonons [106, 109]. In particles exhibiting EMP formation, the
emission energy is further reduced by the polaron energy EEMP:
Eemission(T ) = Eabs(T )− EStokes − EEMP(T ) (7.1)
The polaron energy EEMP itself is determined by intrinsic properties of the magnetically
doped QDs, i.e., the maximum energy gain EsatEMP in case the entity of embedded Mn2+
ions is aligned parallel to each other, the strength of the magnetic exchange field Bexc
generated by the exciton (or the hole in case of trions) and the temperature. While EsatEMP
scales with the concentration of magneto-optically active Mn2+ ions xeﬀ , Bexc depends on
the exciton volume as resulting from the quantization (compare Section 2.4.5).
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Figure 7.8: Temperature dependent emission energy in EL at different currents.
Extracted 1S3/21Se peak positions of EL spectra collected at different applied currents
are summarized in Figure 7.8. At all currents an anomalous blueshift in the low tempera-
ture regime can be found. Above a certain current density, the emission energies at similar
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temperatures decrease, and the temperature of the maximum EL energy shifts from 40K
to 25K for 1mA. Note that the turning point of the anomalous temperature behavior
represents the strength of the polaron formation. The red-shift of the luminescence with
increasing current can be either caused by an increasing number of trions contributing to
the luminescence, which are known to exhibit a reduced emission energy [285, 288], or due
to increasing Joule heating through the electrical current [292]. The existence of charged
excitons has been observed in QD-LEDs with unbalanced carrier injection [16]. Thus, for
further analysis the spectra determined at a current of 0.5mA are consulted, combining
no detectable decrease of the turn-over temperature with superior signal-to-noise ratios
as compared to the lower current data.
Figure 7.9 depicts the EL peak energies measured at a current of 0.5mA in comparison
to the 1S3/21Se transition energy as determined from absorption. The temperature depen-
dent absorption can be described using Varshnis equation with αV = 2.3× 10−4 eVK−1
and βV = 47K. Above 150K both EL emission and absorption exhibit the same nega-
tive slope, which allows the determination of a temperature-independent Stokes shift of
EStokes = 32meV, comparable to Mn:CdSe EMP QDs [80]. According to Equation 7.1
the polaron energy then results from the difference between the absorption Varshni fit
reduced by the Stokes shift (visualized by the red line in Figure 7.9) and the EL energy
data points.
The extracted polaron energies are plotted against the inverse temperature in Figure
7.9b and can be fitted with Equation 7.2.
EEMP = EsatEMPBS
(
gMnµBSBexc
kBT
)
(7.2)
Herein, the Brillouin function describes the interplay of the magnetic exchange field Bexc
and the thermal energy. Note that no TAF appears, as antiferromagnetically coupled pairs
are assumed to be broken by the high magnetic exchange fields [80]. Based on this fit, a
saturation polaron energy of EsatEMP = 14meV and a magnetic exchange field of Bexc = 17T
can be extracted for the electrically induced polaron in the EMP device.
As elaborated above, the existence of charged excitons cannot be excluded in the
Mn:CdSe/CdS QDs. In contrast to a neutral exciton, the exchange interaction of a trion
is restricted to the p-d component, as both electrons exhibit opposite spins compensating
each other. Nevertheless, as N0β strongly exceeds N0α, the exchange coupling for a trion
is expected to be only slightly reduced by 15% compared to a neutral exciton. In current
driven devices, the quantity of charged excitons is expected to increase due to unbalanced
charge injection [16]. Thus it is assumed, that EsatEMP and Bexc mainly arise from charged
excitons, i.e. only the hole contributes to the exchange coupling. Note that this assumption
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is widely spread even for optically induced EMPs [23, 84, 293], usually justified as N0β
exceeds N0α by more than a factor of 5 [8].
In order to compare the electrically induced magnetic exchange field in the
Mn:CdSe/CdS core/shell particles to Bexc values given in literature for optically excited
EMPs in Mn:CdSe QDs, it is useful to extract an effective excitonic radius, i.e. the radius
of a CdSe QD exhibiting the same band edge energy. Based on the cryogenic absorption
energy of the 1S3/21Se transition of ≈ 2 eV, the effective exciton radius can be extracted as
≈ 3.6 nm [34], which implies an inverse exciton volume of V −1ex ≈ 5× 10−3 nm−3. Based on
the relation between Bexc and V −1ex given in [23], an optically excited magnetic exchange
field of 25T for an exciton and 21T for a trion can be extrapolated for the Mn:CdSe/CdS
QDs, which is in very good agreement with the value achieved electrically.
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Figure 7.9: Extraction of the polaron energy and magnetic exchange field in the
Mn:CdSe/CdS device. In (a) the peak energies in EL are shown together with the
absorption of the excitonic transition for temperatures between 7K to 250K. The
absorption is fit with the Varshni equation (blue line). The polaron energy results
from the difference between this fit reduced by a temperature invariant Stokes shift of
32meV (shown in red) and the data points. A fit to Equation 7.1 is indicated in green.
(b) depicts the temperature dependent polaron energies. Symbols depict experimental
data, while red lines indicate fits with different magnetic exchange fields.
Even though smaller than record values in colloidal [23] or specific type-II self-
assembled QDs [294], the electrically induced magnetic exchange field observed in the
EMP device still exceeds fields observed in most epitaxial DMS QDs (< 3.5T) [83, 293].
Causing magnetic saturation at low temperatures, the exchange field of 17T generates an
electrically induced polaron energy, which exceeds the thermal energy even up to 65K.
This work clearly proves that EMP formation in a solid-state device can be electri-
cally triggered. It represents the first demonstration of an electrically induced EMP in
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any DMS QDs (colloidal and epitaxial) and moreover the first evidence of electrically ad-
dressed magnetization in colloidal nanocrystals. Although in this proof-of-principle device
the magnetization is randomly oriented among different particles, further development of
the device design may open up various possibilities. As it has been recently shown that a
small magnetic field is sufficient to align the EMP in colloidal QDs along a predefined axis
[80], introduction of a small local magnetic field, i.e. by a tiny ferromagnetic electrode,
is expected to trigger an overall net magnetization among the whole device. In addition,
the introduction of an isolating interlayer, either on the cathode or anode side, creates a
memory device, which is supposed to yield stable electrically gated magnetism - the next
step towards spintronic devices based on colloidal DMS QD. The demonstration of elec-
trically addressed magnetization underlines the unique potential offered by magnetically
doped colloidal nanocrystals.
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Chapter 8
Summary
In this thesis, the possibilities provided by the colloidal synthesis of diluted magnetic
semiconductor (DMS) nanostructures are exploited intending a fundamental understand-
ing of their magneto-optical functionality in the limit of ultimate quantum confinement,
and the evaluation of the device perspectives of these novel nanocrystals. Via variation
of the nanocrystal size from highly anisotropic nanoplatelets (NPs) to strongly confined
spherical magic sized clusters (MSCs), access to the sp-d exchange interactions of mag-
netic ions with both two-dimensional states with strictly defined hole character and the
fine structure states of a zero-dimensional electronic structure in the strong confinement
regime is gained. In addition, a first proof-of-principle device based on solution-processed
DMS quantum dots (QDs) is developed, which demonstrates the ability to electrically
trigger a magnetic alignment of the spin sublattice in Mn:CdSe/CdS QDs.
Doping with transition metals (TM) or alloying with isovalent Zn atoms in (CdSe)13
allows to investigate the impact of the replacement of one or more of the 26 atoms in
MSCs. In Mn2+-doped clusters it can be shown, that the giant magneto-optical activity
can be digitally controlled via doping with either one or two Mn2+ ions, implying a Digital
Doping in DMS MSCs. By comparing simulated ratios for clusters containing zero, one
and two dopants among a concentration series with extracted values from light desorp-
tion/ionization time-of-flight mass spectrometry (LDI-TOF MS), the existence of clusters
with three or more dopants can be excluded. The magnitude of the giant Zeeman split-
ting, as extracted from magnetic circular dichroism (MCD) measurements, is found to
follow the ratio of monodoped clusters among a concentration series. This evidences that
only clusters containing single dopants contribute to the magneto-optical response, while
bidoped clusters are magnetically inactive due to an antiferromagnetic coupling between
the Mn2+ dopants. In temperature dependent studies the magneto-optical response can be
traced up to room temperature, which highlights Mn:(CdSe)13 as promising material for
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the implementation in future solotronic devices. In case of alloying of the MSCs between
(CdSe)13 and (ZnSe)13, the successful synthesis of undoped clusters is verified by means of
LDI-TOF MS measurements. A first evidence of the incorporation of Mn2+ ions into the
alloy clusters is presented by the room temperature absorption and photoluminescence
excitation (PLE) spectra: The PLE signal of the Mn2+ internal ligand field transition
follows the shape of the absorption, evidencing energy transfer from the band edge to the
dopants. Final proof of the magneto-optically active incorporation of the dopants into the
clusters, i.e., the successful integration of three different types of cations in a structure
consisting in total of only 26 atoms, can be provided via their magneto-optical response,
revealing clear fingerprints of sp-d exchange interactions. The magnetically doped alloy
clusters thus represent a member of the DMS family, whose magneto-optical response
can be shifted even up to the high UV range of the spectrum due to the strong quantum
confinement in Mn:(ZnSe)13. Simulating ensemble MCD spectra a decrease in the MCD
amplitude for alloy clusters compared to their pure Mn:(CdSe)13 and Mn:(ZnSe)13 coun-
terparts can be traced back to the fact that the MCD signals of clusters, differing in the
number of Zn atoms by only one or two, partly cancel out each other.
In addition, the impact of the reduced size and the distinct lattice structure of the
MSCs on structure related properties is investigated, including the influence on the tem-
perature dependent bandgap shift as well as the structural ability to respond to doping
with a foreign atom. Magneto-optical characterization of the band edge transition reveals
sp-d exchange interactions between band charge carriers and the Co2+ ions, evidencing
the successful incorporation of Co2+ into the (CdSe)13 clusters. Based on this, an optical
approach is presented allowing an experimental insight into the clusters’ lattice structure,
i.e., the direct environment of the dopant ions. Room temperature absorption spectra
of the Co2+ internal ligand field transition exhibit the typical three-fold split spin-orbit
fine structure, which indicates Co2+ incorporation on a tetrahedrally coordinated lattice
site. MCD spectra of this transition at cryogenic temperatures are shifted with respect
to conventional Co2+-doped QDs, which is ascribed to significantly shortened Co-anion
bond lengths. This shortening can be verified with the aid of extendend X-ray absorption
fine structure (EXAFS) measurements.
On the other hand, the impact of the small size with only 26 atoms - whose crystal
structure cannot be captured within the formalism used for bulk - on the temperature
dependence of the bandgap is studied. For different types of clusters, including undoped
(CdSe)13, and Mn2+-doped (CdSe)13 and (ZnSe)13 clusters, the energy shift of the band
edge transitions between cryogenic and room temperature is found to be nearly twice
as big as in their bulk counterparts. This observation is verified by different optical ap-
proaches, including absorption, time-resolved photoluminescence (PL), PLE and MCD
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measurements, ensuring the transition energy is monitored for a specific fine structure
state. The anomalous strong band shrinkage with temperature is interpreted within a
thermodynamic model and traced back to an enhanced exciton formation entropy. This
is hypothesized to derive from the strong influence of an optically excited charge carrier
pair distributed among the small number of bonds in the (CdSe)13 clusters. This process
may be assisted by the negative charge transferred from the surrounding organic ligands
and the high amount of surface atoms, both expected to decrease the phonon energies.
In magnetically doped colloidal NPs, the synthetic degrees of freedom are used to
examine changes in the sp-d exchange interactions caused by variations in NPs thickness
on an atomic layer scale. Using MCD spectroscopy, clear evidence of sp-d exchange inter-
actions between the band charge carriers and the Mn2+-dopants is found in shell-doped
CdSe/Mn:CdS NPs. A combination of wave function calculations with a fitting procedure
of the excited state MCD signal allows to identify and assign various transitions including
ground and excited heavy hole (hh), light hole (lh) and spin-orbit split-off hole (so) states.
Thus, Mn2+-doping is shown to enable a valuable insight into the electronic structure of
this novel material class. The synthetic degrees of freedom provided by colloidal atomic
layer deposition (c-ALD) are used to selectively tune the s-d or p-d interactions of dif-
ferent transitions. By variation of either the core or the shell thickness in CdSe/Mn:CdS
NPs, the magneto-optical response related to either the ground or excited hole states can
be manipulated. Upon introduction of an additional MnS interlayer, the ground hh state
can be successfully confined in the core, allowing to tune the electron exchange interaction
via variation of the Mn:CdS shell thickness.
In order to take the step from materials to devices, the incorporation of colloidal
DMS nanostructures into an electrically driven device is demonstrated. For this purpose
Mn:CdSe/CdS particles are embedded as active material in a light emitting diode (LED),
allowing injection of electrons and holes into the QDs. Temperature dependent electrolu-
minescence (EL) studies are successfully realized and found to exhibit a clear anomalous
temperature dependence of the luminescence energy, which represents a fingerprint of
the formation of excitonic magnetic polarons (EMPs). This demonstrates that the de-
vice allows electrically triggering magnetization in the DMS QDs. Comparison to the
temperature dependent absorption allows the extraction of the polaron exchange field
and energy, the latter found to excell the thermal energy up to a temperature of 65K.
These findings emphasize the great potential offered by the fascinating material class of
magnetically-doped colloidal nanostructures in the field of semiconductor spintronics.
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